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Economically developed coastal areas have a high water demand, and their groundwater resources can
be threatened by salinization. Many methods and tracers have been used to discriminate the source of
salinization because a single method does not yield reliable results. In this paper, the shallow confined
coastal plain aquifer, north of the downstream Yangtze River in China, is used as a case study to
investigate the origin of the salinity and the relevant geochemical processes for this aquifer. Multiple
environmental tracers of major ions, minor ions (Br~, I7), and isotopes (80, 2H, 1C, 87sr, 3H, C) were
used so as to provide reliable conclusions. The TDS distribution of the aquifer has an increasing trend,
from below 500 mg/L in the inland areas to more than 20,000 mg/L around the southeast coastline. The
water chemical type evolves from HCOs3-Ca to Cl-Na as the TDS increases. The results suggest that the
groundwater salinity is influenced by seawater intrusion. The seawater proportions in the groundwater
samples range from 0.07% to 94.41% and show the same spatial distribution pattern as TDS. The >H and
¢ values show that the highest salinity was mainly caused by a seawater transgression around 6000a
B.P. The aquifer is also affected by other hydrogeochemical processes: base exchange has enriched Ca®*
and depleted K* and Na*, sulfate reduction has reduced the concentration of S0%~ and enriched HCO3,
and iodine-rich organic matter decomposition has enriched the concentration of I". The iodine enrich-
ment also suggests paleo-seawater intrusion. In addition, the precipitation of carbonate minerals has
decreased the concentration of Ca%", Mgzﬂ and HCOs3, albeit to a limited extent.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Santucci et al., 2016). Various saline sources were identified, such
as modern and paleo-seawater intrusion (de Montety et al., 2008;

Economically developed and densely populated coastal areas
have been experiencing a large groundwater demand from agri-
cultural, industrial, and domestic requirements (Trabelsi et al.,
2007) and can have many geo-environmental problems. In recent
years, groundwater salinization has become an increasing threat to
water resources in many coastal areas.

Many studies have addressed the origin of coastal groundwater
salinity (e.g. Custodio, 2010; Moussa et al., 2011; Cary et al., 2015;
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Han et al.,, 2011; Wang and Jiao, 2012), evaporitic rock dissolution
(Mongelli et al., 2013; Brenot et al., 2015), overlying or underlying
salt water (TDS>1000 mg/L) intrusion (Khaska et al., 2013; Eissa
et al., 2016), evapotranspiration (Herczeg et al, 2001), and
anthropogenic pollution (Ghabayen et al., 2006; Hamouda et al.,
2011). Of these sources, seawater intrusion occurs globally
(Werner et al,, 2013). The increase in chloride concentration in
groundwater is a distinctive characteristic of seawater intrusion,
and chloride behaves as a conservative substance. Analyses of the
relationship between chloride and major ions, 20, and ion ratios
(Br/Cl and Na/Cl for example) are the most common methods used
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to identify seawater intrusion (de Montety et al., 2008; Han et al.,
2011; Wang and Jiao, 2012; Chandrajith et al., 2013; Santucci
et al., 2016). However, sources and processes other than seawater
intrusion can also make the above mentioned components have
marine like characteristics. One example is evaporation. Therefore,
researchers have sought tracers that do not deviate in chemical
reactions and biological processes. Strontium isotopes have these
characteristics (Cartwright et al., 2007). Seawater has a relatively
constant 87Sr/8Sr ratio (Vengosh et al., 2002) and thus ground-
water affected by seawater intrusion would have a marine 87Sr/26Sr
ratio. In addition, different minerals have distinct ranges of
875r/35r ratios, and groundwater interacting with these minerals
shows corresponding ranges of 37Sr/®0Sr ratios (Cartwright et al.,
2007). These characteristics make strontium isotopes effective
tracers for seawater intrusion and water-rock interaction
(Jorgensen et al., 2008; Bakari et al., 2013; Khaska et al., 2013;
Szynkiewicz et al., 2014; Cary et al., 2015; Petelet-Giraud et al.,
2016).

Coastal aquifers can be subjected to multiple phases of seawater
transgression and regression in different geological periods, which
makes it important to distinguish between modern and paleo-
seawater intrusion (Werner et al., 2013; Colombani et al., 2017).
However, the methods thus far described cannot differentiate
effectively between changes in groundwater chemistry caused by
ancient and modern seawater intrusions. Radioactive isotopes of *H
and C are extensively used to assess groundwater age and to
differentiate paleo-groundwater from modern groundwater
(Edmunds, 2001; van Geldern et al., 2014). Thus, the >H and '#C age
of the saline groundwater can be used to indirectly distinguish
between modern and ancient seawater intrusion (Yechieli et al.,
2008; Wang and Jiao, 2012). lodine is present in sea water with
concentrations of around 55 pg/L (Moran et al., 2002). Much higher
concentrations are found, and with relative enrichment respective
to seawater, in some marine formation water (Moran et al., 2002).
Although iodine is suitable for distinguishing the salinity of
groundwater from ancient and modern seawater, it is rarely used
for this purpose (Sukhija et al., 1996).

Research in China on paleo-seawater intrusion has been
confined to the Laizhou Bay in northern China and the Pearl River
Delta in southern China. Little research has been done in the central
coastal regions, such as the Yangtze River delta (Shi and Jiao, 2014).
In this paper, we combine the methods mentioned above so as to
distinguish between modern and paleo-seawater intrusion in the
coastal plain area of the Yangtze River. The methodology used here
can be applied to other similar areas to trace the salinity of
groundwater in coastal areas.

The shallow confined aquifer (SCA) in the coastal plain north of
the Yangtze River in China contains large amounts of groundwater.
However, it is undeveloped because the groundwater has high TDS
concentrations. Interest in the development of this aquifer has
arisen in response to the dramatic increase in water demand and
the limited availability of other sources. However, studies on this
aquifer, especially on the origin of groundwater salinity, are rela-
tively scarce. It is difficult to delineate seawater intrusion and
relative processes because of the long residence times and abun-
dant organic matter (de Montety et al., 2008; Wang and Jiao, 2012)
in confined aquifers. Thus, it is a major research challenge to assess
the marine influence on confined groundwater.

In this study, we aim to investigate the origins of groundwater
salinity in a SCA and identify the major hydrogeochemical pro-
cesses controlling its chemistry using stable and radioactive iso-
topes (180, 2H, 13C, #’sr, 3H, 4C), major ions, and trace elements (Br,
I). We believe this study will provide useful insights for other re-
gions, both in China and globally, with similar hydrogeological
conditions.

2. Study area

The study area is the coastal plain north of the Yangtze River in
China. To the east of the study area is the Yellow Sea, and to the
south is the Yangtze River (Fig. 1). The study area has an average
temperature of 15.2 °C, a mean annual rainfall of 1050.8 mm, and an
average annual evaporation of 877.2 mm. The Yangtze River is the
most important river in the study area and has a width of 5—10 km.

The climate of the Quaternary has exhibited dramatic changes,
with characteristic alternating cold and hot periods. The study area
has experienced many marine transgressions (Table 1) since the
Middle Pleistocene. The largest scale transgression occurred around
6000 years ago, and caused the whole study area to be inundated
by seawater.

The study area is underlain by a multilayer sequence of un-
consolidated, predominantly sand and gravel aquifers separated by
silt and clay confining units. As a result of the burial conditions and
water-bearing zones, the unconsolidated aquifer can be divided
into unconfined and confined aquifers. The confined aquifer can be
further divided into a shallow and a deep confined aquifer with
distinct deposition times, depths, and hydraulic properties. The SCA
is the focus of this study.

The SCA lies at a depth of 40—60 m below the land surface, and
has an average thickness of 100 m. The aquifer comprises late to
middle Pleistocene marine and alluvial/fluvial deposits of fine to
coarse sand and gravels (Fig. 1S). A continuous impermeable clay
layer overlies the aquifer separating it from the unconfined aquifer
(UA for short). Between the shallow and deep confined aquifer is a
continuous clay layer with a thickness of up to 30 m in most parts of
the study area. Thus, the hydraulic connection between the shallow
and deep confined aquifers is minimal. The shallow confined water
(SCW) is flowing from inland to the sea with an average flow ve-
locity of 3 mm/d (Fig. 1).

3. Materials and methods
3.1. Sampling

Because most of the groundwater in the study area is highly
saline, there are a few available supply wells for hydrogeochemical
monitoring. Therefore, additional observation wells had to be
established, and a total of 20 wells were drilled for the purpose of
this study. To fully understand local geological and hydrogeological
conditions, 30 representative groundwater samples from produc-
tion wells and observation wells (Fig. 1) were taken from the SCA in
November to December 2014. One Yellow Sea water sample and
four Yangtze River water samples were also collected (Fig. 1). All
collected water samples were filtered through a 0.45 um mem-
brane and then stored at 4 °C in tightly capped HDEP bottles. Water
samples for cation analysis were acidified using analytically pure
nitric acid to pH < 2.

3.2. Analytical techniques

Temperature and pH were directly measured in situ using
portable meters. Alkalinity was measured by titration with HCI
(0.025 mol/L) on the day of sampling. The measurement of major
ions was performed at Nanjing Mineral Resources Supervision and
Testing Center. The concentrations of Na*, K, Ca%*, Mg?*, and SO5~
were analyzed using inductively coupled plasma atomic emission
spectrometry (ICP-AES). Concentrations of CI~ were determined by
titration with AgNOs. The concentrations of Br~ and I~ were
analyzed using inductively coupled plasma mass spectroscopy (ICP-
MS), and NO3 values were determined using spectrophotography.
The Sr?>* concentrations were analyzed with a NexION300D plasma
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Fig. 1. Location of the SCA in the study area, showing the sampling sites, groundwater flow direction, and TDS distribution.

Table 1
Time and scale of Quaternary seawater transgressions in the study area.

Transgression Time Transgression Scale

Early stage of Middle Pleistocene
Early stage of Late Pleistocene
Late stage of Late Pleistocene
Holocene, about 12000 years ago
Holocene, about 6000 years ago

The southeastern part of the study area
The whole study area

The whole study area

The eastern part of the study area

The whole study area

mass spectrometer. The analytical precision of the anion and cation
measurements, based on replicate analyses, was +2%. Charge bal-
ances for the measured water samples were all within +5%.

The analyses of 380 and 3D values were carried out at the China
University of Geosciences (Wuhan) using a Picarro L1102-1 Laser
isotopic analyzer. The 3'30 and 3D values were expressed in 3 (%o)
notation and calculated with respect to VSMOW. The analytical
precision for 8D was +1%o and for 3180 was +0.2%.. The 3H level was
determined at the Groundwater, Mineral Water, and Environment
Monitoring Center of the Ministry of Land and Resources in Shi-
jiazhuang, China using a 1220 Quantulus ultra-low-level liquid
scintillation spectrometer. The 3H level was expressed in TU. The
detection limit was 2 TU. The analyses of '3C isotopic data and '4C
activity were performed at the Beta Analytic-Radiocarbon Dating

Laboratory, Miami by the Isotope Ratio Mass Spectrometry and
Accelerator Mass Spectrometry methods, respectively. The C re-
sults were reported as percent modern carbon (pMC) relative to
95% of the '“C activity of oxalic acid, according to SRM 4990C-Oxalic
Acid of the National Institute of Standards and Technology.
Measured 3C/'2C ratios (3'3C) were calculated relative to the PDB-1
standard. The precision (15) for 3'3Cpc (DIC refers to dissolved
inorganic carbon) was +0.3%o. The #C detection limit was 0.3 pMC.

The 87Sr/%5Sr ratio was measured at the Analytical Laboratory of
the Beijing Research Institute of Uranium Geology using a thermal
jonization mass spectrometer. The 8Sr/2Sr ratio was normalized to
8.37521. Measurements of the standard SRM 987 gave 87sr/86sr
ratios of 0.710260 + 0.000009 (10).

4. Results
4.1. Chemical characteristics

The TDS of water samples from the SCW was 366—26570 mg/L.
Except in the northwestern and southwestern parts of the study
area, the SCW is salt water (TDS>1000 mg/L) in the most of study
area (Table 1S and Fig. 1). The horizontal distribution of TDS for the
SCW increases along the flow path: the closer it is to the Yellow Sea,
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Fig. 2. Relationship between TDS and sampling depth.

the greater the content of TDS. The vertical distribution of TDS is
shown in Fig. 2. The TDS of SCW samples do not show a preferential
trend with sampling depth (R = 0.25, n = 30). Fresh and salt water
are found at different depths with no obvious salinity stratification.

The SCW water chemical type varies from HCO3-Na or HCO3-
Na-Ca to Cl-Na as TDS increases (Fig. 2S, indicated by arrows). The
pH for the SCW is 6.7—8.5. The NO3 concentration of the SCW
is < 0.2—5.56 mg/L, which is below the drinking water limit of
50 mg/L (WHO, 2011) and indicates little anthropogenic influence
on the water quality.

4.2. lonic relationships

To understand the relationship between different chemical
compositions, Pearson correlation coefficients for the major ions
and TDS were calculated. The results are shown in Table 2. Among
the major ions, chloride concentration is most strongly correlated
with that of TDS. Chloride is also well correlated (R > 0.5) with
major cations and sulfate, indicating a common source.

The increasing values of chloride can be caused by evapotrans-
piration, halite (NaCl) dissolution, and mixing with salt water of
marine origin. Because the SCA is deeply buried, the contribution of
evapotranspiration to the increases in chloride concentration can
be ignored. To trace the salinity source, ionic ratios, such as yNa/yCl
and yBr/yCl, which are good tracers of groundwater salinity, can be
used (Li et al., 2016). Yellow Sea water has a yNa/yCl and yBr/yCl of
0.85 and 0.0013, respectively. If groundwater was affected by
seawater intrusion, then the yNa/yCl and vBr/yCl ratios of
groundwater should be close to the marine ratio (Hamouda et al.,
2011). If the salinity of groundwater was caused by halite dissolu-
tion, the yNa/yCl would be close to 1, and the yBr/yCl ratio would
be lower than 0.0001 (Hofmann and Cartwright, 2013).

The yNa/yCl ratio of the SCW is 0.42—3.16, with an average value
of 0.98. Fig. 3 shows that as chloride concentrations increase, the
YNa/yCl ratio remain close to the seawater and halite dissolution
lines. This shows that the increasing chloride values may be caused

Table 2
Pearson correlation coefficient (R) matrix for the SCW.
TDS Na* K* Ca** Mg?t  Cl- HCO3;  SO%
TDS  1.000

Na®  0.992** 1.000

K* 0.857** 0.903** 1.000

Ca** 0574 0473* 0.115 1.000

Mg?* 0.993** 0.979** 0.833** 0.605** 1.000

- 0.999** 0.991** 0.860** 0.571** 0.990** 1.000

HCO; 0.270 0345 0.496* -0273 0.211 0286 1.000

SO 0.747** 0.698** 0.485** 0.655** 0.776** 0.718** —0.269 1.000

**Correlation is significant at the 0.01 level (2-tailed), n = 30.

by seawater intrusion or halite dissolution. The yBr/yCl ratio for the
SCW is 0.004—0.0018, with an average value of 0.0012, which is
much higher than 0.0001. Therefore, it appears that seawater
intrusion was mainly responsible for the chloride increases. How-
ever, other sources of Br release, including ploughing and biological
activity, may also contribute to the observed changes (IKhaska et al.,
2013). Therefore, it is necessary to obtain more evidence to confirm
seawater intrusion.

5. Discussion
5.1. Seawater intrusion

5.1.1. 680, 6D and Sr evidence

5.1.1.1. 6'80, 6D evidence. H and O stable isotopes are not influenced
by water-rock interactions, making them good tracers for deter-
mining the origins of groundwater salinity (Boschetti et al., 2010;
Hamouda et al., 2011).

Because of the lack of hydrogen and oxygen isotopic data for
precipitation in the study area, the 3'80 and 3D observation data-
sets from the Nanjing station (about 200 km from the study area)
was used to establish the Local Meteoric Water Line (LMWL, Fig. 4).
The Nanjing station forms part of the International Atomic Energy
Agency's Global Network of Isotopes in Precipitation.

3D = 8.495'80 +17.71% VSMOW (R = 0.98, n = 58)

The slope of the LMWL (8.49) is similar to the Global Meteoric
Water Line (GMWL, Fig. 4).

dD = 8.20 (+0.07) 8180 +11.27 (+0.65) %VSMOW (Rozanski et al.,
1993)

Yellow Sea water has 5'80 and 3D values of —1.21%, —8.5%, and
is relatively depleted compared with standard mean ocean water.
The average 5'80 and 3D values of the Yangtze River water samples
are the most depleted: —8.54%0 and —58.8%o, Srespectively
(Table 1S).

Fig. 4 shows that the measured values of 3'30 and 3D of the SCW
samples all plot below the LMWL and GMWL, indicating that the
SCW is of meteoric origin. The 880 and D values of two samples
located near the Yangtze River (SC5, SC27) were —8.08%o to —8.39%o
and —60.3%o to —57.5%o, and are similar to the values of the Yangtze
River and the weighted average value of precipitation. This in-
dicates that the SCW can be recharged by the Yangtze River water
and by precipitation.

The SCW samples are aligned with a line that has a lower slope
than the GMWL and LMWL (Fig. 4). This phenomenon may be the
result of evaporation and/or mixing processes. Evaporation can be
ruled out because of the depth of the SCA. It is suggested that
mixing with an enriched end-member dominates the lower slope.
Furthermore, the Yellow Sea water sample point is on the trend line
of groundwater samples, reflecting that the seawater is probably
the enriched end-member.

5.112. Sr and 87Sr/%0sr evidence. The Sr’* concentration and
875r/86sr ratio of the Yellow Sea water sample are 8057 pg/L and
0.709177, respectively. For the SCW, the Sr’* concentration and
875r/86sr ratio are 870—8263 pg/L and 0.709212—0.710499,
respectively. In the correlation plot of 87Sr/%6sr values and Sr**
concentrations, the 87Sr/%8Sr values of the SCW samples decrease as
the Sr** concentration increases (Fig. 5). This suggests that the
salinity of SCW may be of marine origin, and provides additional
evidence that evaporation is not involved. However, some SCW
sample results lie above the mixing zone, indicating that other
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Fig. 4. Values of 30 versus 3D for various water samples compared with the GMWL and LMWL. The trend line of the SCW water samples is also shown.

processes may have caused changes to the SCW 87Sr/36sr values.

The analysis of 3!80, 3D, and Sr suggested that the groundwater
was influenced by seawater intrusion. However, the study area has
experienced several transgressions since the Middle Pleistocene.
Therefore, it is not clear whether the groundwater was affected by
modern seawater intrusion or paleo-seawater intrusions. There-
fore, further evidence was sought.

5.1.2. lodine evidence

The SCW has a relatively high iodine concentration, with an
average value of 1.3148 mg/L, which is much higher than the Yellow
Sea water sample of 0.079 mg/L. lodine enrichment distinguishes
the SCW from seawater, and indicates that modern seawater
intrusion has had little impact on iodine deviation.

The SCA experienced multiple phases of paleo-seawater trans-
gressions, making them rich in organisms of marine origin. Some
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Fig. 5. Relationship between Sr** and 7Sr/*sr.

marine organisms, such as algae, assimilate and organically bind
iodine in their tyrosine residues, resulting in an a iodine concen-
tration of 30000 times greater than in seawater (Zhang et al., 2013).
The iodine-rich organic matter subsequently degrades to release
iodine into the water phase, rendering groundwater rich in iodine.
Therefore, the high concentration of iodine shows that the paleo-
seawater intrusions were the main source of salinity in the SCW.

5.1.3. 3H and ™C evidence

To provide further evidence for the time of seawater intrusions,
radioactive isotopes, H and 'C, are used to calculate the ground-
water residence time.

The tritium levels of the SCW samples are all below the detec-
tion line of 2 TU (Table 1S), indicating that the SCW was recharged
before thermonuclear bomb test era (1960s) (Clark and Fritz, 1997).

Tritium can be used to date young groundwater, but is not
suitable for ancient water. For ancient groundwater, C is often
used for groundwater age dating, and has an upper limit of 30000
years. The ubiquitous presence of DIC in groundwater (Cartwright,
2010) allows radiocarbon dating to be widely applied for deep
groundwater residence time assessment. When 4C enters a closed
system, it begins to decay. The “C age of groundwater can be
calculated by the following equation:

@,1:1“2

1
t=-<In —_— 1
A As T2 (1)
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Ap—Initial groundwater C activity;
As—Measured C activity of groundwater sample;
t—14C age of the groundwater sample;

2—14C decay constant;

Ty ;,—Half life of 'C (5730 years).

The SCW samples had a'*C activity of 24.9—47.7 pMC, with a
median value of 40.3 pMC. The apparent age, the upper limit of the
groundwater age, of the investigated water samples was calculated
to provide a rough estimate of groundwater residence time.

The calculated ¥C apparent ages of the water samples are
shown in Table 1S. The SCW has 'C age ranges from 6100 to 11500
years, with an average value of 7700 years.

It can be seen in Fig. 6 that groundwater samples have a
decreasing trend in TDS as the “C determined age increases, which
indicates that the aquifers experienced many seawater trans-
gressions, and are undergoing desalinization. The earlier the
seawater intrusion occurs, the greater the degree of desalinization.
Water samples with a high TDS (>20000 mg/L) cluster in the range
of 6000 years, revealing that the study area experienced a large-
scale seawater intrusion during that period. This observation is
consistent with the descriptions given in section 2.

The groundwater salinity of the SCA is mainly the result of
paleo-seawater intrusion of about 6000 years ago. However, Sr
values and 87Sr/%5Sr ratios (Fig. 5) suggest that other processes may
have occurred.

5.2. Hydrochemical processes

As discussed above, the palaeo seawater intrusion dominates
the characteristic of the SCW and this process is actually a mixture
of fresh groundwater and the seawater. Therefore, it is necessary to
address the issue of mixing.

A SCW sample (SC8) with the lowest TDS (366 mg/L), indicating
that it was the least influenced by seawater, was chosen as the fresh
water end-member. A sample of Yellow Sea water was chosen as
the seawater end-member. The seawater mass fraction (finasssea) Of
the SCW was calculated according to the conservative tracer Cl~
concentration using Eq. (2).

mCl’,sample - mCl’,fresh (2)

f mass,sea =
mClﬂsea - mCl’,fresh

Where Mep- sample, Mcl- fresh, Mcl- sea T€fETS to the CI™ concentration
of groundwater samples, fresh water, and seawater, respectively.

By assuming conservative mixing, the theoretical concentration
of each ion (m; ,ix) could be calculated by Eq. (3).
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Fig. 6. Plot of TDS versus '“C apparent age for the SCW.

M; mix = fmasssea M sea + (1 —fmass,sea) *M,; fresh (3)

where m; ¢ea, M fresh are the concentration of ion i of seawater and
fresh water, respectively. The line of m;mix Vs CI~ can then be
calculated; this line was defined as the fresh/seawater mixing line
(FSML) in this paper. The enrichment or depletion of ion i (m; re,)
can be determined by Eq. (4).

Mjrea = miﬁsample — M mix (4)

M; sample Tefers to the concentration of ion i of a groundwater
sample.

From Eq. (2), the seawater proportion was calculated as 0.07%—
94.41%, with an average value of 45.61%. The seawater proportion of
groundwater increases seaward along the flow path.

The groundwater samples in the plot of CI~ versus Na*, Mg?™,
and Br~ (Fig. 7 (a), (d), and (g), respectively) are aligned with the
conservative mixing line between the fresh water end-member and
Yellow Sea water, which further confirms that the salinity of the
SCW results from mixing with seawater. However, in the plot of CI~
vs. K*, Ca®*, SO3~, HCO3 (Fig. 7 (b), (c), (e), (f), respectively), sam-
ples show an obvious deviation from the conservative mixing line.
This indicates that the chemical compositions of the SCW are also
affected by water-rock interactions.

5.2.1. Base exchange

The samples distribute above the mixing line in the plot of CI~
vs. Ca®* (Fig. 7(c)). The enrichment of Ca** could be affected by the
dissolution of carbonate minerals and/or base exchange. However,
the Ca®* enrichment is well correlated with the K*+Na™ depletion
(Ca®*rea = —0.74(K* rea + Na*rea) + 2.76, R = 0.88, n = 29, Fig. 8(a)).
The dissolution of carbonate minerals cannot account for K*+Na™
depletion, which suggests that base exchange does occur. The SCA
contains large amounts of clay particles with a high surface area
and are thus very reactive in sorption and exchange processes
(Clark, 2015).

Most samples show Ca** enrichment and K*+Na* depletion
(Fig. 8(a)), suggesting that Na™ in the SCW have been adsorbed to
the solid phase after mixing with seawater (Eq. (5)).

2Na* + Ca — X, —2Na — X + Ca®* (5)

As shown in Fig. 8(b), K™rea + Na™ e, has little correlation with
Mg?*rea (R = 0.12, n = 29), suggesting that the base exchange be-
tween K*rea + Natrea and Mg+ s does not change the chemical
composition of the groundwater.

The 875r/88Sr ratio of a mineral is controlled by its initial Rb/Sr
ratio. Because Rb* can substitute for K*, and Sr?* can substitute for
Ca®*, potassium-bearing rocks will have high 8/Sr/%8sr ratios
(Negrel et al., 2001). Clay minerals typically have a high 87Sr/%6sr
ratio (0.71030—0.72800) because of their high Rb/Sr ratio (Vengosh
etal,, 2002). When Ca-Na base exchange between groundwater and
host clay minerals occurs during the fresh-saline water mixing
process, St substitutes for Ca from the clay minerals, and desorbs to
the water phase and increases the groundwater 87Sr/%55r ratio. This
process accounts for some water samples lying above the mixing
zone in the plot of Sr?* and 87Sr/®6Sr (Fig. 5). However, water
samples with the highest Sr’* concentration, and high TDS values,
have marine 37Sr/®0Sr values (Fig. 5). This suggests that base ex-
change has little influence on the water chemistry of high TDS
samples because of the limited adsorption sites of clay minerals.

5.2.2. Sulfate reduction and methanogenesis
Groundwater samples scatter below the mixing line in the plot
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of CI~ vs. SO5~ (Fig. 7(e)). This may be the result of the precipitation
of gypsum minerals and/or sulfate reduction. To test the assump-
tion, the saturation index (SI) of groundwater samples with respect
to gypsum and anhydrite were calculated and were all found to be
below zero (Fig. 3S). This shows the groundwater samples are un-
dersaturated with gypsum and anhydrite and that the gypsum
minerals will not precipitate to reduce the concentration of sulfate.
The groundwater samples plot above the mixing line in the plot of
Cl™ vs. HCO3 (Fig. 7(f)) showing that the sulfate deficiency may be

the result of sulfate reduction (Eq. (6)). Furthermore, SO3 rea and
HCO3 (eq are negatively correlated (HCO3 rea = —0.30S03 rea + 1.40,
R = 0.78, n = 29, Fig. 9(a)) which confirms the effect of sulfate
reduction on sulfate depletion.

2CH,0 + SO5~ —H,S + 2HCO3 (6)

In the process of sulfate reduction, sulfate is the electron
acceptor during oxidizing the organic matter (Eq. (6)), and has a
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low 3'3C value of —25%o to —30%o. During oxidation, '2C reacts more
easily than '3, resulting in the reaction product of HCO3 having a
lower §'3C value when compared with the organic matter (Clark
and Fritz, 1997); the sulfate reduction reduces the 33Chcos-
values of groundwater.

Fig. 9(b) shows that the §'3Cycos- values of the groundwater
samples decrease as SO3 rea decreases. This further confirms the
existence of sulfate reduction.

But SC19 sample is an exception. SC19 had a relatively low
SO rea concentration (—30.41 mg/L) but an enriched §Cycos-
value of —20.4%o (Fig. 9(b)), which may due to the methanogenesis
process. When 0, NO3, and SOj~ are absent in groundwater,
bacteria will consume carbon to produce CO; and CH4 (the meth-
anogenesis process). This process has two main components: ace-
tate fermentation (Eq. (7)) and CO, reduction (Eq. (8)). Both
components of the process cause 613CHCO3_ values to rise because of
the large '3C fractionation between CO, and CHy4 (20—50% for ac-
etate fermentation and 60—80% for CO, reduction (Cartwright,
2010; Clark and Fritz, 1997)).
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5.2.3. Equilibrium of carbonate minerals

If the concentration of Ca®* is dominated by base exchange with
K* and Na*, the Ca?*jea/(K*rea + Na* jea) ratio should be close to 1. If
the concentration of HCO3 is dominated by sulfate reduction, the
HCO3 rea/SO?{rea ratio should also be close to 1. However, the two
ratios are all less than 1, with a Ca®"rea/(Krea + Natrea) ratio of
about 0.74 and a HCO3¢a/SO3 rea Iatio of about 0.30. Therefore,
other reactions must be taking place to cause the Ca** depletion.
Furthermore, most of the groundwater samples show a depletion of
Mg?* (Fig. 8(b)). It is suggested that the precipitation of carbonate
minerals is a reasonable explanation for Ca®*, Mg?*, and HCO3
depletion. The SI of groundwater samples with respect to calcite
and dolomite were calculated. The results show that the SI for
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Fig. 10. Plots of CI~ concentration vs. SI of (a) calcite, and (b) dolomite.
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calcite and dolomite for most groundwater samples was greater
than zero, indicating that calcite and dolomite are oversaturated in
the investigated groundwater samples (Fig. 10). Thus, calcite and
dolomite tend to precipitate to decrease the Ca%*, Mg+, and HCO3
concentrations.

6. Conclusions

We combined different methods and tracers to study the origins
of groundwater salinity and hydrogeochemical processes in the SCA
in the coastal plain north of the Yangtze River, China. The shallow
confined water is mainly composed of salt water. The TDS of the
aquifer increases from below 500 mg/L in the inland area to more
than 20000 mg/L around the coastline. The water type evolves from
HCO5-Ca to Cl-Na as TDS increases. Enrichment with 3'80, 3D,
marine-like 87Sr/®6Sr values, and high iodine concentrations sug-
gest that groundwater salinity originates from paleo-seawater in-
trusions. The analyses of 3H and '“C revealed that most of the
groundwater salinity originated from a seawater transgression
around 6000 years ago. The seawater proportions in the ground-
water samples ranged from 0.07% to 94.41%, and exhibited the
same spatial distribution pattern as TDS.

In addition to mixing with seawater, the chemical composition
of the SCW is affected by water-rock interactions, which have an
influence on K*, Na*, Mg?*, and SOZ~ depletion and Ca®*, HCO3
enrichment. Analyses involving a mass balance mixing model, ionic
relationships, 87Sr/865r ratios, B¢ values, and saturation indices
were used to further investigate the processes involved. The
changes in K™, Na*, and Ca®* are caused by base exchange process.
The changes in SOF~ and HCOj3 are the result of sulfate reduction
and methanogenesis. Saturation indices greater than zero indicate
that carbonate equilibrium processes have had some effect on Ca®,
Mg2+, and HCO3 concentrations.

Salt water can be used in agricultural irrigation, seafood
farming, and industry, for example, and thereby reduce the use of
deep confined fresh water. In addition, using the shallow confined
salt water will lower the water table and accelerate the desalini-
zation process. Therefore, the exploitation of shallow confined salt
water should be considered in future water management plans. In
addition to guiding future management plans, this study provides
useful insights for other studies in similar regions.
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