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Abstract: Groundwater contamination in coastal areas has attracted widespread attention. However,
studies on the hydrogeochemical characteristics and controlling mechanisms in coastal aquifers
are still lacking. In this study, 71 sets of groundwater samples were collected during the dry and
wet seasons in a coastal city, Shandong Province. Correlation and principal component analyses
were used to identify pollution sources. Meanwhile, Piper diagrams, Gibbs plots, ion ratios, and
saturation indices were employed to investigate the hydrogeochemical controlling mechanisms. The
results revealed that pollution components included Na*, NH,*, Cl—, 5042~ ,NO;~,NO,~, Pb, As,
Se, TDS, TH, F~, and Mn. Pollution compositions in the study area were primarily derived from
natural processes and anthropogenic activities. The contamination of nitrogen resulted primarily
from agricultural activities. The exceedance of SO,>~ was mainly due to the leaching of waste
by rainfall. High Na*, C1~, and F~ were related to sea intrusion. Pb and Se might have been
caused by anthropogenic activities. The exceedance of As was caused by anthropogenic inputs
and natural factors. The poor seepage conditions and anoxic conditions promoted the enrichment
of Mn. The concentration of most components in the dry season was larger than that in the wet
season. There were no significant differences in water chemistry type during the wet season and dry
season. Groundwater chemical compositions were dominated by the dissolution of halite, gypsum,
and anhydrite, as well as the cation exchange reaction. The influence of seawater intrusion on
groundwater was not serious.
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1. Introduction

Groundwater is significant resource for industrial utilization, agricultural irrigation,
and domestic drinking in the world [1-3]. However, the quality of groundwater is under
serious threat, including agricultural activities, heavy-metal contamination, and seawater
intrusion [4-6]. Groundwater quality is suffering deterioration in urban areas, especially
in coastal regions [7]. Once an aquifer system is severely polluted, it is challenging to
remediate it to the initial environment [8-10]. With approximately 40% of the world’s
population living within 100 km of a coastal area, freshwater deposited in coastal aquifers
has been an important resource to support the development of coastal areas, providing
drinking water for almost one billion people in coastal areas worldwide [11,12]. Due to the
high intensity of human activities, water pollution, eutrophication, and seawater intrusion
in coastal areas are becoming increasingly serious, threatening human health [13-15].
Many coastal areas, including the Netherlands, Italy, and China’s Jiaodong Peninsula are
suffering from a serious lack of water [16-19]. Therefore, a comprehensive knowledge
of the hydrogeochemical processes in the coastal aquifer is critical for these valuable
water resources.
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Seawater intrusion is considered to be a widespread environmental hazard that affects
groundwater in many coastal areas [20,21]. Even 1% mixing of seawater will make ground-
water undrinkable and cause a series of problems, including soil salinization and ecosystem
degradation [11]. In coastal areas, it is important to study groundwater chemistry due
to the different degrees of mixing interaction between seawater and groundwater [22,23].
The hydrogeochemical processes happening in groundwater systems and the interactions
with the media influence the quality of groundwater [24]. Moreover, analysis of ground-
water chemical characteristics can trace the origin and evolution of groundwater [25]. The
primary processes influencing the hydrogeochemistry and groundwater quality are water—
rock interactions, particularly dissolution and weathering processes, carbonate balance,
oxidation—reduction, and adsorption—-desorption, in addition to human activities [22,26].
Therefore, prevention of groundwater pollution in coastal aquifers necessitates understand-
ing the processes of geochemical evolution and dynamics of flow systems [27].

Several studies have been implemented to investigate the hydrogeochemical character-
istics of coastal areas and the effects of seawater intrusion. Multivariate statistical analyses
and clustering methods, including principal component analysis (PCA), factor analysis (FA),
and hierarchical cluster analysis (HCA), have been employed to investigate the ground-
water quality and pollution source [28-33]. Meanwhile, Isotopic methods are also often
an important tool for studying seawater intrusion and groundwater evolution [16,27,34].
Hydrogen and oxygen isotopes can reveal the cause of groundwater salinization and the
source of recharge. Strontium is widely used to study groundwater—rock interactions,
mixing processes, and the discharge of seawater to groundwater. Furthermore, Piper
diagrams, Gibbs plots, ion ratios, and saturation indices play a significant role in studying
the hydrogeochemical controlling mechanisms [35—40]. In addition, numerical simulation
methods can be used to evaluate the exchange of groundwater with seawater and the trans-
port characteristics of nutrients [41-44]. Water quality indices (WQIs), machine learning,
and the partial least squares regression model (PLSR) are typically used to evaluate the
pollution level in groundwater [45-47].

Groundwater in the coastal cities adjacent to the Yellow Sea are at risk of seawater
intrusion. Considering the uses of groundwater, it can be potentially contaminated by
anthropogenic factors. The contamination of coastal aquifers involves complex hydro-
geochemical processes which control the groundwater environment in different ways.
Therefore, it is desirable to identify the pollution source and investigate the controlling
processes of water chemistry. Although scholars have reported the influence scope of
seawater intrusion, the hydrogeochemistry and controlling mechanisms of groundwater in
the dry and wet seasons are still poorly characterized. The objectives of this work were
to (1) identify the pollution source in the study area, (2) investigate the hydrogeochem-
ical characteristics and controlling mechanisms of groundwater, and (3) determine the
spatiotemporal variation of groundwater hydrochemistry.

2. Study Area

The study area was located in Shandong Province (Figure 1), with geographical
coordinates of 119°19'14” to 119°39'38" E longitude and 35°18'05"" to 35°36'27"" N latitude.
The general topography of the study area is high in the northwest, sloping slightly to the
southeast, with mostly coastal plains in the east and south. The study area is located in
the central part of the Qinling—Dabie-Sulu orogenic belt, and the exposed strata include
the Paleozoic Jingshan Group and the Cenozoic Quaternary (Table S1); a regional fracture
structure is present, mostly in the northeast direction. At the same time, magmatic rocks
are widely distributed in the study area (Figure S1).
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Figure 1. Location map of the study area and the distribution of sampling wells.

The climate of the study area is temperate maritime monsoon climate. The average
humidity is about 72%. The mean annual temperature is about 12 °C, and the mean annual
rainfall reaches 826.8 mm. The mean annual evaporation reaches 1299.0 mm. The water
system in the study area features the Yellow Sea in the southeast, and the water system is
dendritic in shape. The river is mainly recharged from natural precipitation, and the river
flows into the Yellow Sea from west to east. According to the conditions of groundwater
deposit, groundwater can be classified into four types: loose rock-like pore water, clastic
rock-like fracture water, carbonate karst water, and bedrock fracture water. Near the
coastal area, the groundwater type is primarily loose rock pore water and bedrock fracture
water. Groundwater is recharged through atmospheric precipitation, river infiltration, and
irrigation infiltration. On the whole, the hydraulic gradient of the groundwater is small,
and the groundwater flows from northwest to southeast, before finally flowing into the
Yellow Sea (Figures S3 and S4). Groundwater is discharged through artificial exploitation,
evaporation, and runoff.

3. Materials and Methods
3.1. Samples Collection and Analysis

In order to investigate the hydrogeochemistry of the study area during the dry season
and wet season, we collected 71 sets of groundwater samples in April and July 2022. The
distributions of the sampling wells are shown in Figure 1. A peristaltic pump (AML919)
was used to collect groundwater samples. Then, the samples were filtered through 0.45 um
membrane into polypropylene bottles. Samples for total Fe and Mn analysis were acidified
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using a nitric acid reagent. In the field, all samples were stored in a thermostat with ice
packs. Samples were stored in a refrigerator after transport to the laboratory. The major
anions were analyzed by ion chromatography (ICS-2000). Cations were determined by
inductively coupled plasma mass spectrometry (ICP-5000). Sample testing was completed
at the Eighth Geological Brigade of Shandong Province Geology and Mining Bureau. The
sample collection, storage and test methods were in strict compliance with the standards of
the Ministry of Natural Resources of China. A quality assurance (QA)/quality control (QC)
program was established to guarantee the precision of the measurements. Parallel samples
were utilized to control the accuracy of the test. The charge balance error was guaranteed
to be within 5%.

3.2. Saturation Index

The saturation index (SI) is significant for assessing the equilibrium and reactivity
between minerals and groundwater [48]. The ratio of the activity product to solubility
product is employed to evaluate the hydrogeochemical state and reaction in groundwater. A
saturation index larger than 0 means that the mineral is supersaturated and will precipitate.
A saturation index less than 0 indicates that the mineral is unsaturated and will dissolve. In
this work, PHREEQC version 2.8 was applied to determine the SI value of different minerals.

IAP
SI == loglo ﬁ,

where IAP represents the ratio of activity product, and LP represents the solubility product.

3.3. Multivariate Statistical Analyses

The groundwater controlling mechanism can be determined using graphical and
multivariate statistical methods, such as Piper plots, Gibbs plots, and ion ratios. Multi-
variate statistical methods play an important role in identifying pollution sources, such as
correlation analysis and PCA, using GIS and Origin.

4. Results and Discussion
4.1. Groundwater Chemistry Characteristics

Statistical descriptions of the hydrogeochemical data in the dry and wet seasons are
shown in the Table 1. Each component exhibited different concentration variations. The
range of pH from 7.24 to 8.52 in the dry season and the range of pH from 7.69 to 8.89 in the
wet season indicated that the groundwater was predominantly alkaline. The value of TDS
ranged from 209.22 mg/L to 8880.98 mg/L, with a mean of 675.87 mg/L, in the dry season,
and ranged from 161.32 mg/L to 4064.75 mg/L, with a mean of 571.49 mg/L, in the wet
season, indicating that the seasonal variation of TDS was significant. For most components
except NO,~, Ni, Se, F~, and Fe, the mean concentration in the dry season was larger than
that in the wet season. The mean concentration of major ions during the dry season was
in the order Na* > Ca?* > Mg?* > K* and HCO3~ > Cl~ > SO42~ > NOj; ~. The sequence
changed to Ca* > Na* > Mg?* > K* and HCO3~ > Cl~ > SO42~ > NO;~ during the wet
season. The results of CV showed that Na*, K*, Mg2+, NH4*, Cl—,NO3z—,NO,—, Pb, As,
Br, TDS, and Mn were sensitive to environmental and anthropogenic activities in the dry
season. The spatial distribution of Na*, K*, NH;*, C17, NO;~, NO,~, Pb, As, Br, and Mn
was highly heterogeneous.
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Table 1. Statistic descriptions of main ionic parameters in groundwater.

Dry Season Wet Season
Component
Max Min Mean SD cv Max Min Mean SD cv

Na* (mg/L) 2962.00 12.00 96.58 346.41 358.69 936.00 6.73 59.77 112.09 187.53

K* (mg/L) 69.50 0.29 7.13 12.29 172.39 65.00 0.54 5.82 9.88 169.71
Ca* (mg/L) 240.00 27.20 94.06 41.73 44.36 223.00 31.70 88.47 39.34 44 .46
Mg?* (mg/L) 266.00 6.72 30.56 31.65 103.57 80.60 3.53 22.93 13.60 59.32
NH* (mg/L) 5.00 0.00 0.12 0.60 490.19 1.50 0.00 0.03 0.18 524.34

Cl~ (mg/L) 4565.69 1.97 132.99 539.24 40546  2316.95 5.08 104.85 277.82 264.97

SO4%~ (mg/L) 761.98 15.11 108.56 94.43 86.98 445.29 14.09 93.23 63.45 68.06
HCO;™ (mg/L) 878.00 2691 207.84 131.38 63.21 528.14 20.18 198.14 99.35 50.14

NO3™ (mg/L) 648.90 1.27 97.53 110.81 113.62 652.17 1.50 88.12 109.19 123.91
NO;™ (mg/L) 2227 0.00 0.64 2.69 423.75 13.91 0.00 0.80 2.37 297.38
Pb (ug/L) 57.32 0.36 1.78 6.91 387.06 20.66 0.36 1.49 2.93 196.34
Ni (ug/L) 11.62 0.67 3.17 2.29 72.11 39.50 1.84 6.27 4.66 74.39
As (ug/L) 27.92 0.48 2.57 3.96 153.98 16.65 0.48 2.40 2.76 115.14
Se (ug/L) 15.02 1.64 1.93 1.63 84.54 16.87 1.64 2.53 221 87.23
Br (mg/L) 13.01 0.02 1.02 1.61 158.24 6.85 0.02 0.71 1.18 165.34
TDS (mg/L) 8880.98 209.22 675.87 1015.47 150.25 4064.75 161.32 571.49 489.41 85.64
TH (mg/L) 1388.03 141.71 361.17 192.22 53.22 853.52 107.46 331.93 142.85 43.04
F~ (mg/L) 2.28 0.01 0.66 0.32 47.83 1.19 0.01 0.70 0.19 27.59
Fe (mg/L) 0.11 0.02 0.02 0.01 55.74 0.02 0.02 0.02 0.00 0.00
Mn (mg/L) 297 0.00 0.28 0.58 207.78 2.10 0.00 0.10 0.34 319.66
pH 8.52 7.24 7.94 0.30 358.69 8.89 7.69 8.25 0.19 2.25

4.2. Source Identification of Pollution Components

According to Class III groundwater quality standards, the contamination components
included Na*, NH4*, C1~, SO4%2~, NO3;~, NO,~, Pb, As, Se, TDS, TH, F~, and Mn in
groundwater. In order to identify the source for each pollution composition, the correlation
coefficients between the components were plotted in the dry season and in the wet season
(Figure 2). In the dry season, there was strong positive correlation between Na* and Mg?*,
Cl—, SO427, Se, Br, and TDS. There was strong positive correlation between NH4* and
NO,~. Meanwhile, CI~ showed strong positive correlation with S0,42~, Se, Br, and TDS.
There was a significant correlation between NO3;~ and CaZ*. As, Se, and TDS showed
strong positive correlation. Moreover, there was significant correlation between As and
Nat, K, Mg2+, Cl~, and SO4%~. However, there was no correlation between Pb and other
components.

In the wet season, the correlation of the different components showed some changes
with the dry season. There was strong positive correlation between Na* and CI~, Se, and
TDS. There was a significant correlation between NO3 ™~ and Ca?*, TH. Likewise, there was
no correlation between Pb and other components. As and K* showed a significant correla-
tion. In the dry season, the concentration of Ni exhibited significant differences between
dry season (concentration < 0.05 mg/L) and wet season (concentration > 0.05 mg/L). It
could be seen that Ni exhibited a low correlation with Ca?* and SO42~.
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Figure 2. Correlation matrix of major ions in groundwater during the dry season (left) and wet
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Correlation analysis and principal component analysis were utilized to identify sources
of pollution components in groundwater. The variance contribution of PC1 reached 41.2%
in the dry season (Figure 3). The variance contribution of PC1 reached 33.0% in the
wet season. Four principal constituents were extracted for dry season and wet season,
contributing to 73% and 63.6% of total variance, respectively.
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The strong positive relationships among these components supported these same
sources. In the dry season, according to the distribution characteristics of Na* and C17, it
could be seen that the high concentration of Na* and Cl~ was mainly distributed along
the Yellow Sea (Figures 4 and 5), but the concentration of Na* at only one sampling point
(ZSA41) exceeded the standard for Class III groundwater. The correlation coefficient be-
tween Na* and C17, Se, and TDS reached more than 95%, indicating that these components
came from same pollution source. Seawater intrusion could play a significant role in the
contamination process. Consequently, aquifers close to the coastal zone are at risk of po-
tential seawater intrusion. The SO4>~ exceeded the standard at sampling points 5134 and
ZSAA41. The hydrogeological investigation revealed the presence of some solid wastes in the
study area, and the components in the wastes could enter the groundwater under rainfall
leaching. The sampling site (ZSA41) was distributed in an industrial agglomeration area,
and the water table at this site was significantly lower than the surrounding water table;
therefore, seawater intrusion was very serious. At the same time, the industrial activities
led to the exceedance of SO4%~. The concentration of As at two sampling sites (ZSA41
and S10) in the study area exceeded 10 ug/L. On one hand, the input of anthropogenic
contaminants caused the exceedance of arsenic. On the other hand, the high pH promoted
the desorption of As from the sediment into the groundwater at S10. The concentration of
Se exceeded 10 ug/L at only one sampling site (ZSA41), which could have been the result
of human activities. The correlation coefficient of TDS with Nat and Cl~ reached 98%,
suggesting that seawater intrusion contributed to the increase in TDS. Furthermore, the
correlation coefficient between TDS and SO, reached 87%, indicating that anthropogenic
pollution also contributed to the high TDS. Therefore, the pollution source of elements in
PC1 were explained by sea intrusion and anthropogenic activities. Mn, NH4*, and NO, ™~
exhibited high loadings in PC2. The seepage condition in the study area was poor, and the
sediments were under a relatively hypoxic environment, which offered a beneficial condi-
tion for the enrichment of Mn. NH;* and NO, ™ were mainly from anthropogenic input.
Ca and NO3 ™ exhibited high loadings in PC3. The exceedance rate of NO3; ™ reached 86%,
and the correlation with other pollution components was relatively weak. The discharge of
sewage and the usage of fertilizers resulted in excessive NO3~ concentration. The main
source of Ca was the dissolution of gypsum and anhydrite. Therefore, components in PC3
were mainly derived from natural sources and anthropogenic input. HCO3~ was the main
component in PC4, and HCO3;~ came mainly from natural sources. The concentration of
Pb exceeded 10 ug/L at only one sampling site (ZSA77), which could have been caused
by human activities. According to the distribution characteristics of F~, the sampling
points with a high concentration of F~ were distributed near the sea, and the concentration
at ZSA43, 598, and 569 exceeded the limit, suggesting that seawater intrusion played a
significant role in the pollution process. The high TH was mainly contributed by Ca2*
and Mg?*. Meanwhile, the correlation coefficient with TDS reached 79%, indicating a
similar source to TDS. Thus, groundwater in the study area was influenced by both natural
processes and human activities in the dry season.
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Figure 5. Spatial distribution of pollution components in the wet season.

In the wet season, the components in PC1 were similar to those in the dry season,
whereas the components in PC2, PC3, and PC4 were different from those in the dry period.
F~ exhibited high loading in PC2. As and K* were the main components in PC3. NH4*
and HCO; ™~ exhibited high loadings in PC4. For most of the pollution components, the
concentration in the dry season was greater than that in the wet season, indicating that
rainfall reduced the concentration of ions in groundwater.

4.3. Hydrogeochemical Facies

Piper diagrams can be employed to understand the chemical components of ground-
water and to determine the hydrogeochemical facies [49]. All sampling points in the dry
and wet seasons are plotted in Figure 6. Groundwater in the study area was mainly Ca—
HCO; type, Ca-Mg—Cl type, and Ca—Cl type, followed by Na—Cl type and Ca-Na-HCO3
type in the dry season. The hydrogeochemical facies in the wet season were similar to those
in the dry season.

@ Sampling points in dry season

W Sampling points in wet season

Figure 6. Piper diagrams during the dry and wet seasons.
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4.4. Mechanisms Controlling Groundwater Chemistry

Gibbs diagrams are built by drawing the ratio of Na*/(Na* + Ca?") and Cl~/(Cl~
+ HCO37) to TDS and are extensively employed to identify hydrogeochemical processes
such as precipitation, water-rock interactions, and evaporation [50]. If TDS is high and the
ratio of Na*/(Na* + Ca®*) or C1~ /(Cl~ + HCO;3 ") is close to 1, the governing mechanism
is an evaporation effect. If TDS is medium and the ratio of Na*/(Na* + Ca?*) or C1~ /(Cl~
+ HCO37) is less than 0.5, the governing mechanism is water—rock interaction. If TDS is
low and the ratio of Na*/(Na* + Ca2*) or C1~ /(Cl~ + HCO;3 ™) is close to 1, the controlling
mechanism is a precipitation effect. As shown in Figure 7, most groundwater samples were
distributed in the water-rock-dominant area, suggesting that water chemical components
were mainly derived from the water—rock interaction in the region. One sample (ZSA41)
was located in the evaporation-dominant area during the dry and wet seasons. The
concentration of Na* and Cl~ at the sampling site far exceeded the Class III water standard.
Therefore, it was not representative of natural interaction processes. This also reflected the
impact of seawater intrusion on groundwater.

100000 100000
P
// \
- cc\
T
10000 10000 e ’
R /
/:\‘ Q}u'b ql
/,/’ \\\\\\\ //
—_~ —~ A o0 '\ N
310001 3 10004 o s
?0 E() [ / AN
s = o * ()
=) o] 4 oo \ /
=~ 1004 = ]00_\\\ Rock Dominance \\\ /
~, d
\\\ ’,,)'\\
ST \
—— \
e, \
- N
10+ 10 \3315,0 E
~ 9, - ]
\\\)]"711,7 /’
Jay,
° \\3/
1 T T T T 1 T T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Na'/(Na+Ca™™) CI/(CIH+HCOy)
® Dryweason ® Wetseason ® Dryseason ® Wetseason

Figure 7. Gibbs diagrams showing the source of water chemistry components.

4.5. The Ratio of Major Ions

In order to investigate the details of water-rock interaction in the region, some ratio
maps of major ions were performed. The relationships of Na*/Cl~ for the dry season
and wet season are displayed in Figure 8a. In general, if Na* and Cl™ are derived from
the dissolution of halite, then the ratio of Na*/Cl~ should be about equivalent to 1. If
the ratio is larger than 1, then Na* is primarily derived from silicate weathering. In this
study, a ratio approximately equal to 1 was observed for most samples, indicating that the
dissolution of halite was one of the sources of Na* and C1~ during the dry and wet seasons.
The saturation index showed that halite was always in the dissolved state.

The sources of Ca?* and SO4%~ are commonly the dissolution of gypsum and anhydrite.
Figure 8b displays that most of points were located around the 1:1 line. It could be
concluded that the dissolution of gypsum and anhydrite was the main source of Ca** and
SO4%~. Some points were distributed above the Ca%*/SO4?~ ratio 1:1 line, suggesting
that the dissolution of aragonite, calcite, and dolomite was a potential source of Ca?* in
groundwater. However, the SI of aragonite, calcite, and dolomite for most samples was
higher than 0, implying that the contribution of aragonite, calcite, and dolomite to Ca**
was limited. Therefore, the cation exchange process could have contributed to the increase
in Ca?*.
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Figure 8. Diagrams showing the correlations of major cations/anions to distinguish the hydrogeo-
chemical processes. (a) Na* versus Cl~; (b) Ca®* versus SO4%~; (c) (Ca®* + Mg?* ) versus HCO;~;
(d) (Ca?* + Mg?* ) versus (HCO3~ +SO427).

The relationship between Ca®* + Mg?* and HCO;~ can reflect the source of Ca2*
and Mg?*. In this study, the ratio of almost all samples was greater than 0.5, indicating
the presence of extra sources of Ca?* and Mg?*, with a lower contribution of carbonate
dissolution to Ca?* and Mg?*. This could be confirmed by the SI of aragonite, calcite, and

dolomite (Figure 9).
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Figure 9. Saturation index diagram against TDS: (a) SI of minerals in dry season; (b) SI of minerals in

wet season.
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The (Ca®* + Mg2+) /(HCO3~ + SO4%7) relationship was plotted to characterize the
mineralization processes. The plot showed that most points were distributed around the 1:1
line. As mentioned above, the contribution of carbonate dissolution was small; therefore,
the dissolution of sulfate minerals was the primary source. Therefore, it could be concluded
that the dissolution of gypsum and anhydrite was a significant source of major ions.

The (Na*/Cl7)/Cl~ and (SO42~ /Cl~)/Cl~ ratios can be used to study the degree of
mixing of groundwater with seawater and the dissolution of minerals (Figure 10). Most
sampling points were located above the standard seawater ratio line (Na*/Cl~ = 0.85),
suggesting a contribution of mineral dissolution to the whole solute loading. Most sampling
points were located above the standard seawater ratio line (Na*/Cl™ = 0.11), showing some
enrichment of sulfate.

80
100 A
a . 70 4 A A Dry season
Dry season O Wet season
30 4 O Wet season 60
VAN
A 50 4
. 60 .
) A S 404
4 =
o o A
Z 40 R 304 A
N
A 204
20
10
Standard seawater ratio line Standard seawater ratio line
ok oo Bowe - 2000 oo L o~ 0-————&»&} ————————— Ommmmmm e — o - -
T T T T T T T -10 T T T T T T T
-20 0 20 40 60 80 100 120 140 -20 0 20 40 60 80 100 120 140
Cl'(meq/L) Cl(megq/L)

Figure 10. Evolution of hydrogeochemical ratios with rising salinity.

4.6. Seawater Fraction in Groundwater

In order to better characterize the process of seawater mixing into groundwater, the
contribution of seawater needs to be calculated. Since C1~ does not react with other ions or
minerals, the contribution of seawater in groundwater can be evaluated by using C1~ as a
tracer. The following formula is employed to calculate the proportion of seawater [7]:

MCl(sample) — MCI(freshwater)
fsea - ’

Ml (seawater) — MCI(freshwater)

where 1¢;(50p10) Indicates the level of the sample, ¢ (seqparer) indicates the level of C1™ in
seawater, and ¢y ( freshwater) indicates the level of C1™ in freshwater.

The findings demonstrated that the contributions of seawater to groundwater were
minimal. During the dry season, the contribution of seawater was greater than 1% at only
three sampling sites: 5101 (2.2%), S116 (2.6%), and ZSA41 (23.6%). The contribution of
seawater to groundwater was less than 1% for the remaining sampling sites. During the
wet season, the contribution of seawater was greater than 1% at seven sampling sites: 598
(2.7%), 5101 (1.3%), S105 (1.1%), S116 (1.4%), SY3 (1.0%), ZSA41 (12.0%), and ZSA50 (1.2%).
The contribution of seawater to groundwater was less than 1% for the remaining sampling
sites. It could be concluded that the influence of seawater intrusion on groundwater was
not serious.

5. Practical Implications and Perspectives

Groundwater contamination in coastal aquifers is a serious problem around the
world. The pollution of coastal aquifers is not only from seawater intrusion, but usu-
ally includes pollution from human activities. Therefore, when managing groundwater
in coastal aquifers, it is important to not only control groundwater extraction, but also to
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focus on pollution sources from human activities. Moreover, the pollution sources usually
include natural processes and anthropogenic activities.

6. Conclusions

Groundwater contamination is a widespread problem in coastal aquifers. In this study,
the sources of contaminants in the coastal zone were identified. Meanwhile, the control
processes of hydrogeochemistry were discussed in detail. The below conclusions could
be drawn.

Pollution components included Na*, NH;*, C1~, S04%~,NO5;~, NO,~, Pb, As, Se,
TDS, TH, F~, and Mn. The groundwater quality was influenced by both natural processes
and anthropogenic activities. Na* and C1~ originated from the dissolution of halite and
sea intrusion. Mg?* and Ca?* were derived from the dissolution of gypsum and anhydrite,
as well as cation exchange processes. The discharge of sewage and the utilization of
fertilizers led to the contamination of nitrogen in groundwater. The high SO4>~ was
most likely due to the leaching of waste by rainfall. The exceedance of As was caused
by anthropogenic inputs and natural factors. The poor seepage conditions and anoxic
conditions provided a beneficial condition for the enrichment of Mn. High Pb and Se
resulted from anthropogenic activities. The concentration of most components in the dry
season was larger than that in the wet season. The seasonal variations were significant due
to the influence of precipitation.

Groundwater chemistry was mainly Ca-HCOj3; type, Ca-Mg-Cl type, and Ca—Cl type,
followed by Na—-Cl type and Ca-Na-HCOj type in the dry season. The hydrogeochemical
facies in the wet season were similar to those in the dry season. The groundwater chemistry
was influenced by natural processes and anthropogenic activities.

The impact of seawater intrusion on groundwater was not serious. The high level
of Na* and Cl~ at some points was the result of seawater intrusion caused by extensive
groundwater exploitation.

In the future, numerical simulations of coastal aquifers will be carried out, which
will make it possible both to calculate the exchange of groundwater with seawater and to
analyze the migration processes of pollutants.
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