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Abstract: Coastal areas have made substantial contributions to global economic development but are
plagued by challenges such as groundwater salinization. Groundwater serves as the primary source
for drinking, industrial, and domestic purposes in these coastal areas. Therefore, understanding the
causes and processes of groundwater salinization holds paramount significance for effective ground-
water management. The coastal area of Laizhou Bay in northern China serves as a quintessential
example of such a scenario. With substantial groundwater extraction and severe groundwater salin-
ization issues, it exacerbates the disparity between water-resource supply and demand. Currently,
our understanding of the processes and influencing factors related to groundwater salinization in
this region remains limited. In this study, employing hydrochemical and stable chlorine isotope
analyses on 35 groundwater and seawater samples, an in-depth investigation into the complex
mechanisms underlying groundwater salinization in the Quaternary aquifers of the eastern coastal
plain of Laizhou Bay was conducted. The test results of the samples indicate that brine and saline
groundwater are primarily of the Na-Cl type, exhibiting a hydrochemical composition similar to that
of seawater. Brackish groundwater exhibits a diverse hydrochemical composition. The hydrogen and
oxygen isotope characteristics of brackish and fresh groundwater resemble atmospheric precipitation,
while brine, seawater, and saline groundwater show hydrogen and oxygen isotope depletion. Com-
pared to seawater, brine exhibits significant δ37Cl depletion. The analysis of the test results reveals
that the formation of brine aquifers results from a complex interplay of climate change, tectonic
movements, and sea–land evolution, involving lagoon development during seawater regression, salt
concentration through evaporation, and subsequent water–rock interactions. The genesis of saline
groundwater involves a complex interplay of brine–seawater mixing, significant evaporation, and
potential input of fresh groundwater from atmospheric precipitation and river sources. The formation
of brackish groundwater is predominantly influenced by atmospheric precipitation, and agricultural
activities, with significant variations in NO3

− concentrations attributed to varying intensities of
fertilizer application in the northern plain area. These insights contribute to a deeper understanding
of the origins of groundwater and can inform the development of policies for groundwater protection
in this area.

Keywords: hydrochemistry; hydrogen and oxygen isotope; chlorine isotope; groundwater salinization;
Laizhou Bay

1. Introduction

Roughly three-quarters of the world’s nations are coastal states [1]. Currently, ap-
proximately 17% of the global population resides in coastal regions [2]. Coastal areas are
marked by high population density, economic prosperity, and delicate ecological ecosys-
tems, frequently grappling with environmental challenges, such as the salinization of
groundwater [3,4]. Groundwater serves as a primary source of drinking water and sus-
tenance for production and livelihoods in coastal regions [5]. The identification of the
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causes of groundwater salinization in coastal aquifers is of paramount significance for the
scientific management and utilization of groundwater resources in these regions.

Numerous factors contribute to the salinization of groundwater. In its natural state,
a hydraulic connection exists between seawater and coastal aquifers. Seawater infiltrates
these coastal aquifers in a wedge-like fashion due to disparities in hydraulic pressure and
density between seawater and groundwater. This dynamic equilibrium is upheld, usually.
However, excessive groundwater extraction results in an ongoing decline in groundwater
levels, disrupting this equilibrium and causing seawater to encroach inland, resulting
in seawater intrusion [6–10]. On the other hand, groundwater salinization may also be
influenced by factors such as groundwater evaporation [11], groundwater mixing [12,13],
water–rock interactions [14], and human-induced pollution [15,16]. Furthermore, climate
change can lead to fluctuations in sea levels, altering the conditions for groundwater
recharge in coastal areas, thereby adversely affecting groundwater resources and the
environment [17–20].

As early as the 1960s, concerns regarding seawater intrusion had arisen in China’s
coastal aquifers, with particularly severe challenges evident along the coastline of Laizhou
Bay [21]. This issue intensified, expanding inland at a rate of 12% per year [7,21]. Previous
investigations into groundwater salinization along the Laizhou Bay coast have primarily
centered on the southern shoreline [22–24]. The eastern shores of Laizhou Bay are charac-
terized by a predominant presence of agricultural, mining, aquaculture, and salt-farming
industries, resulting in diverse land-use patterns, including the establishment of an artificial
island. The annual groundwater extraction in this region amounts to 1.54 × 108 m3, further
exacerbating the existing disparities in water supply and demand [25]. Research efforts
directed towards the eastern shores of Laizhou Bay have predominantly revolved around
groundwater quality assessment and groundwater management [26,27]. Our understand-
ing of the processes and influencing factors contributing to groundwater salinization in
this specific area remains limited [25].

By analyzing hydrochemical and isotopic data in conjunction with geological and hy-
drogeological conditions, an assessment of groundwater salinization can be undertaken [28].
The utilization of a Piper diagram facilitates the categorization of groundwater types and
the interpretation of groundwater chemistry [29–32]. Hydrochemical facies evolution
diagrams and Gibbs diagrams serve as valuable tools for elucidating the processes and
mechanisms involved in groundwater evolution [33–38]. Traditional hydrochemical meth-
ods regard Cl− and Br− as conservative tracers for interpreting the origin of groundwater
due to their non-involvement in other mineral-formation processes. Specific ion ratios,
such as Cl/Br, can be employed to explore the origin and evolution of groundwater [39–42].
When Cl and Br stem from the same source, the Cl/Br ratio should remain constant [43].
However, in the presence of alternative pathways for Cl and Br input, or when processes in-
volving convective-diffusion mixing of saline solutions occur, the applicability of the Cl/Br
ratio may diminish [44]. Statistical methodologies, coupled with geological and hydrogeo-
logical conditions, have been applied in groundwater salinization investigations [45–48],
as have mathematical models [49–54]. These approaches enhance our comprehension of
groundwater salinization processes and contribute to effective management strategies.

H and O are fundamental constituents of water molecules, and hold paramount
importance in hydrogeochemical processes. H exists in two stable isotopic forms, 1H and
2H, with a relative abundance ratio of 1H:2H = 99.9844:0.01557 [55]. O exhibits three stable
isotopes, 16O, 17O, and 18O, with relative abundances in the atmosphere of 16O:17O:18O =
99.759:0.2039:0.0374 and in seawater of 16O:17O:18O = 99.762:0.200:0.038 [55]. During the
process of water evaporation, H and O undergo fractionation, with the heavier isotopes
preferentially accumulating in the remaining water [56]. Due to common disparities in H
and O isotope composition among water sources, the stable isotope ratios of 2H and 18O in
water remain unaffected by geochemical processes within the aquifer [57,58]. Consequently,
they find an application in groundwater-salinization research, serving as a foundation for
comprehending the origins and mixing mechanisms of groundwater [59–63].
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Chloride (Cl) stands as a conservative hydrophilic element, demonstrating mobility
across the lithosphere, hydrosphere, and atmosphere. Cl has two stable isotopes, with a
ratio of 37Cl:35Cl = 0.32 [1]. Cl plays a vital role in diverse Earth processes, spanning the
Earth’s crust, cycling within oceanic crusts [64], geothermal phenomena [65], interactions
between water and rocks [66], origins of fluid salinity [67], historical deposition of marine
crustal fluids [68], and fluid cycling during subduction processes [69,70]. In seawater, Cl−

exhibits exceedingly high concentrations, and it undergoes substantial isotope fractionation
during the formation and evolution of brine. Utilizing Cl isotopes proves highly effective
in characterizing the evolution of groundwater in coastal regions, particularly in locales
with elevated chloride concentrations [71]. Owing to the presence of diffusion processes, a
notable isotopic fractionation of approximately 2.1‰ occurs in shallow groundwater, with
the migration rate of 35Cl surpassing that of 37Cl [72,73].

To gain a deeper understanding of the processes and mechanisms involved in ground-
water salinization in the eastern coast of Laizhou Bay, and to provide scientific insights
for the management of seawater intrusion and dynamic groundwater quality control, this
study employed an integrated method combining hydrochemical analysis, stable H-O iso-
topes, and stable Cl isotopes to investigate the crucial hydrochemical processes influencing
groundwater in the eastern coastal plain of Laizhou Bay, and analyzed the processes and
mechanisms of groundwater salinization. The findings of this study can provide vital
insights for effectively preventing and managing seawater intrusion and ensuring the
sustainable utilization of groundwater resources.

2. Materials and Methods
2.1. Study Area

The study area is located in the northern region of Shandong Province, China, along the
eastern coastline of Laizhou Bay (Figure 1). It experiences an average annual temperature
of 12 ◦C, and receives an average annual precipitation of 610 mm. The topography in the
study area slopes from southeast to northwest, with the highest elevation point reaching
623.56 m above sea level and the lowest point at 0.32 m. The study area is characterized by
predominantly small to medium-sized rivers, with many originating in the mountainous
areas to the southeast.
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The sedimentary facies of the aquifer change from southeast to northwest, transitioning
from alluvial deposits to fluvial deposits, and finally to marine sediments in the coastal
plains. Groundwater in this study area primarily comprises unconsolidated rock porous
water and fractured bedrock water. In the coastal plain aquifers, fine sand and silt dominate,
with thicknesses ranging from 3 to 10 m. Typically, groundwater levels remain within 4 m
of the surface, and the water is often brackish or saline. In piedmont alluvial plains, the
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aquifers consist mainly of fine sand, medium-coarse sand, and gravel, with thicknesses
spanning from 2 to 10 m. Groundwater levels in this region also typically lie within 4 m of
the surface. Fractured bedrock aquifers are primarily located in the eastern and southern
parts of the study area, with fractures being less developed. The mountainous areas and the
unconfined portions of the aquifer constitute the primary recharge zones, and the typical
natural groundwater flow pattern is from southeast to northwest, although this general
flow pattern may be altered due to high-permeability incised channels crossing the area [7].

The mineralogy of the shallow aquifer includes quartz, plagioclase feldspar, sodium
feldspar, orthoclase feldspar, muscovite, biotite, kaolinite, calcite, dolomite, illite, smectite,
and calcium-montmorillonite. In some areas, there are limited occurrences of evaporites
such as gypsum, anhydrite, halite, polyhalite, mirabilite, and trona [7]. In the southeastern
mountainous region, the bedrock primarily consists of Cretaceous and Neogene basalts,
andesites, sandstones, and volcanic clastic rocks, comprising plagioclase, sodium feldspar,
potassium feldspar, and biotite [7].

2.2. Samples and Hydrochemistry Analyses

The sampling took place in September 2020 along the eastern shores of Laizhou Bay,
as depicted in Figure 1. A total of 35 samples were collected, comprising 28 groundwater
samples, 5 seawater samples, and 2 surface water samples. On-site measurements included
pH and electrical conductivity, while alkalinity was determined through acid-base titration
within a 24 h window. For hydrochemistry and H-O isotope analysis, samples were initially
filtered on-site using 0.45 µm filter heads. Subsequently, they were transferred into three
50 mL polyethylene bottles, with one of these bottles having nitric acid added to achieve a
pH < 2 for cation analysis. Samples intended for Cl isotope analysis were carefully placed
in 1000 mL polyethylene bottles, filled, and purged of any air bubbles.

The analysis of major and trace elements was conducted at the Analysis and Testing
Center, School of Environmental Studies, China University of Geosciences. Cation analysis
was performed using an Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-
AES), while anion analysis was conducted using Ion Chromatography (IC). The analytical
error was below ±5% [74].

The ion balance error (IBE) was utilized to assess the reliability of hydrochemical data,
which was calculated with the following Equation (1).

IBE =
Rcation − Ranion
Rcation + Ranion

× 100% (1)

In Equation (1), Rcation represents cation concentration expressed in milliequivalents
per liter (meq/L), while Ranion represents anion concentration. Following examination, all
hydrochemical data has been confirmed as reliable.

Following the standards set by Fetter (2018) [75] and Salas et al. (2014) [76], groundwa-
ter samples were categorized based on their total dissolved solids (TDS) into four dis-
tinct groups: brine samples (TDS > 100 g/L, 5 samples), saline groundwater samples
(10 g/L < TDS < 100 g/L, 3 samples), brackish groundwater samples (1 g/L < TDS < 10 g/L,
15 samples), and fresh groundwater samples (TDS < 1 g/L, 5 samples).

2.3. Stable Isotope Analyses

H and O isotopes were analyzed at the State Key Laboratory of Biogeology and
Environmental Geology, China University of Geosciences, using a Thermal Conversion/
Elementary Analyzer (TC/EA) coupled with Isotope Ratio Mass Spectrometry (IRMS).
The test results were normalized to Vienna Standard Mean Ocean Water (V-SMOW), with
testing errors for δ2H and δ18O being ±1.0‰ and ±0.1‰, respectively [77].

Stable Cl isotopes were analyzed at the Salt Lake Chemistry Analysis and Test Center,
Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, utilizing Isotope Ratio Mass
Spectrometry (IRMS) in conjunction with a Gas Bench-II device. Before analysis, all Cl was
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converted into CH3Cl. The resulting data were normalized using the Standard Mean Ocean
Chlorine (SMOC) standard, and the testing error was determined to be ±0.08‰ [78].

3. Results
3.1. Hydrochemistry Compositions

The hydrochemistry data for the samples are provided in Table S1. A distinct pattern in
groundwater salinity and hydrochemical composition emerges from southwest to northeast.
As it transitions from the mountainous regions to the plains, there is a gradual increase in
total dissolved solids (TDS) in the water, ranging from 0.70 g/L to 832.91 g/L. Employing
the Shoka Lev classification method [79] to classify the water samples, both brine and
saline groundwater predominantly exhibit a Na-Cl hydrochemical type. Notably, sample
B1 stands out with a Na·Mg-Cl classification. Brackish groundwater displays regional
variations, with the northern sector predominantly characterized by a Na·Ca-Cl·HCO3 type,
while the southern region exhibits a more diverse range of hydrochemical types. These
variations are significantly influenced by local geological conditions and human activities.
Fresh groundwater samples are primarily classified into Na·Ca-HCO3·Cl, Na·Ca-Cl·HCO3,
and Ca·Na-HCO3·Cl hydrochemical types. Seawater showcases a Na-Cl hydrochemical
type, while sample SUR1 falls into the Na-Cl·SO4 category, and sample SUR2 is classified
as Na·Ca-Cl·HCO3.

The hydrochemical compositions of groundwater, seawater, and surface water in the
study area are depicted in Figure 2. The hydrochemical compositions of brine and saline
groundwater bear a resemblance to seawater, indicating their common marine origin. In
contrast, the hydrochemical composition of brackish groundwater significantly differs from
that of seawater, suggesting that brackish groundwater has an origin unrelated to seawater.

The hydrochemical control mechanisms of natural water bodies are classified into
three categories in the Gibbs diagram, namely precipitation-dominated, rock weathering-
dominated, and evaporation-concentration-dominated [80]. As depicted in Figure 3, it is
evident that the hydrochemical control mechanisms vary significantly among different
samples. Brine and saline groundwater samples are situated in the upper-right quadrant of
the Gibbs diagram, positioned above the seawater samples, signifying their pronounced
control by intense evaporation and concentration processes. Conversely, brackish ground-
water and fresh groundwater are located in the lower-right quadrant of the Gibbs diagram,
indicating that their formation is predominantly governed by precipitation.

Cl and Br are soluble halogens with similar properties in seawater and constant-
concentration fresh groundwater [81]. At low temperatures, both Cl and Br exhibit minimal
involvement in ion exchange processes and mineral adsorption. Cl/Br ratios are typically
used to analyze groundwater salinization in cases where TDS exceeds 2–3 g/L [82]. In this
study, Cl/Br serves as an indicator to identify the sources of salinity in brine and saline
groundwater. The Cl/Br ratio in Bohai Sea water ranges from 650 to 657, closely approxi-
mating that of standard seawater (Cl/Br = 655, Cl = 550 mmol/L, Br = 0.84 mmol/L) [83].
However, the Cl/Br ratios in this study are slightly lower than those in Bohai Sea water and
standard seawater (Figure 4a), possibly due to the proximity of the sampling points to the
coast, which may have been influenced by groundwater inputs. The resemblance of Cl/Br
ratios in brine and saline groundwater to seawater indicates that their salinity originates
from seawater [84]. The Cl/Br ratios in these samples do not fall within the range of 1200 to
6600, signifying a negligible impact from evaporative dissolution processes in these brine
and saline groundwater samples [85].

Figure 4 depicts the relationships among Ca2+, Na+, K+, Mg2+, Si4+, SO4
2−, HCO3

−,
and Br−, with ion concentrations normalized relative to the Br− concentration. As the Br−

concentration increases, brine and saline groundwater exhibit only minor fluctuations in
the ratios of cation concentrations to Br− concentration, providing evidence of their marine
origin for salinity.
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The Ca/Br ratios for brine and saline groundwater closely resemble those of seawater
(Figure 4b), indicating their marine origin. However, sample B2 exhibits significantly ele-
vated Ca2+ concentrations, likely attributed to the dissolution of minerals such as limestone
and calcite. In contrast, the lower Ca2+ concentration in sample S3 may be due to cation
exchange adsorption processes. The Ca/Br ratios for brackish and fresh groundwater
are considerably higher than those for seawater, approaching values observed in surface
water (Figure 4b). This suggests that both brackish and fresh groundwater are primarily
influenced by precipitation and the dissolution of carbonate minerals, with minimal impact
from seawater. Han et al. (2011) [7] simulated the dissolution processes of calcite and
gypsum, and the precipitation process of aragonite, confirming ion exchange between
Ca2+, Mg2+, and Na+ (Equations (2) and (3)). They also confirmed the existence of mixing
between fresh groundwater and saline groundwater. However, in this study, the majority
of samples were distributed along the mixing line, and ion exchange was observed only
in a minority of samples. This suggests that ion exchange is not a universally occurring
process, consistent with the findings of Du et al. (2015) [44]. The study by Zhang et al.
(2017) [86] posits that ion exchange processes only occur at the interface between the fresh
groundwater and saline water in the mixture along hydraulic gradients.

Na(K)− Solid + Ca2+
(

Mg2+
)

aq = 2Na(K)aq + Ca(Mg)− Solid++ (2)

2Na(K)aq − Ca(Mg)− Solid = 2Na(K)− Solid − Ca2+
(

Mg2+
)

aq (3)

The Na/Br and K/Br ratios for brine and saline groundwater closely resemble those
of seawater (Figure 3c,d), indicating their marine-derived salinity. However, sample
B2 displays significantly higher Na+ and K+ concentrations, possibly attributed to the
weathering of minerals such as mica, feldspar, or clay minerals. Elevated Na concentrations
in sample S3 suggest the presence of cation exchange adsorption processes. Brackish
and fresh groundwater exhibit more substantial fluctuations in Na/Br and K/Br ratios
(Figure 3c,d), differing significantly from seawater and surface water. These variations may
be linked to the dissolution of clay minerals and cation exchange adsorption processes.

The Mg/Br ratios for brine and saline groundwater closely resemble those of seawater
(Figure 4e). However, samples B1 and B2 display considerably higher Mg2+ concentrations,
indicative of the dissolution of silicate and sulfate minerals, or processes involving the
precipitation of limestone and calcite. In contrast, brackish and fresh groundwater exhibit
Mg/Br ratios resembling those of surface water.

Except for sample B2, the Si/Br ratios for brine closely resemble those of seawater
(Figure 4f). However, both saline groundwater and sample B2 exhibit significantly higher
Si4+ concentrations than seawater, suggesting processes involving the dissolution of silicate
minerals. Brackish and fresh groundwater Si/Br ratios resemble those of surface water,
indicating their primary influence from precipitation and silicate mineral dissolution.

The SO4/Br ratios for most brine and saline groundwater samples closely resemble
those of seawater (Figure 4g). Nevertheless, samples B2, S1, and S3 exhibit markedly higher
SO4

2+ concentrations than seawater, indicating the presence of sulfate mineral dissolution
processes. This suggests that brine and saline groundwater may exist in reducing environ-
ments. Brackish and fresh groundwater exhibit more substantial fluctuations in SO4/Br
ratios (Figure 4g), potentially associated with industrial activities.

HCO3
− concentrations are related to the dissolution and precipitation of carbonate

minerals. The HCO3
− concentrations for brine and saline groundwater closely resemble

those of seawater but are higher than seawater (Figure 4h), signifying their marine origin.
In contrast, brackish and fresh groundwater HCO3

− concentrations resemble those of
surface water.

NO3
− concentrations in the northern plain area of the study region are relatively

high, while concentrations in the southern mountainous areas and the southwestern plain
region are lower (Figure 5). It is widely acknowledged that NO3

− concentrations are
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closely associated with human activities, particularly agricultural practices and irrigation,
which are likely the primary contributors to NO3

− levels. The northern plain area en-
compasses a substantial expanse of cultivated land and experiences intensive fertilizer
usage, which significantly elevates NO3

− concentrations in this region. In contrast, the
southern mountainous terrain and the southwestern plain area are characterized by rugged
topography. In the latter, industrial and aquaculture activities predominate over extensive
agriculture, leading to smaller areas of cultivated land and reduced fertilizer application
rates. Consequently, these factors result in lower NO3

− concentrations in these regions.
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3.2. Hydrogen and Oxygen Isotope Compositions

The Global Meteoric Water Line (GMWL) and the Local Meteoric Water Line (LMWL),
expressed as δ2H = 8 × δ18O + 10 and δ2H = 7.8 × δ18O + 6.3, respectively, are depicted in
Figure 6 [87]. The δ2H and δ18O values for all samples fall within the range of −61.8‰ to
−9.2‰ and −8.7‰ to −0.7‰, respectively. The majority of water samples are situated to
the right of both precipitation lines, and exhibit a consistent alignment with an evaporation
line, defined as δ2H = 6.15 × δ18O − 9.17. The slope of the evaporation line is lower than
that of the GMWL and LMWL, indicating lower precipitation and a more pronounced
evaporation effect. Sample B14 stands out with the lowest hydrogen and oxygen isotope
values, reflecting characteristics akin to ancient atmospheric precipitation or paleo-runoff.
Conversely, seawater samples display the highest hydrogen and oxygen isotope values,
indicative of pronounced evaporative processes.

Brackish and fresh groundwater samples closely adhere to the Local Meteoric Water
Line (LMWL), signifying their primary source as atmospheric precipitation. In contrast,
brine, seawater, saline groundwater samples, and a subset of brackish groundwater samples
align with the evaporation line, emphasizing the pivotal role of evaporation processes
in shaping groundwater salinity and H-O isotope compositions. This alignment also
underscores the complex mixing dynamics within the groundwater systems. Notably,
despite brine exhibiting higher total dissolved solids (TDS) compared to seawater, there is
a conspicuous depletion pattern in the H-O isotopes. This phenomenon likely stems from a
period during which brine experienced mixing with atmospheric precipitation or surface
water, potentially occurring during a relatively cooler phase after the brine’s formation.
Surface water samples markedly deviate from the LMWL, clustering prominently along
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the evaporation line, signifying a history of significant evaporation processes within the
study area.
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Samples S1 and S2 are positioned between seawater and brine, signifying their sus-
ceptibility to seawater intrusion within the brine aquifer. Conversely, sample S3 displays
notably lower H-O isotope values than S1 and S2, approaching the values observed in
brackish and fresh groundwater samples. This observation points to an alternative mixing
process, characterized by distinct features associated with atmospheric precipitation.

Figure 7a illustrates the relationship between δ18O values and Cl− concentrations. If a
mixture of freshwater and seawater is present in the groundwater, δ18O values and Cl−

concentrations should exhibit a positive correlation [88]. The δ18O of brackish groundwater
registers lower values compared to seawater, while the Cl− concentrations are notably
higher, indicative of an evaporation–concentration process. Brackish groundwater and
several saline groundwater areas fall within the mixing area between seawater and fresh
groundwater. As Cl− concentrations increase, δ18O values gradually approach those
of seawater, indicating a process of mixing between seawater and fresh groundwater.
Brackish groundwater and fresh groundwater deviate from the mixing area, exhibiting Cl−

concentrations similar to surface water, and lower δ18O values, indicating the influence of
atmospheric precipitation and evaporation effects during the infiltration process.

The d-excess was calculated using Equation (4) to elucidate the atmospheric water
vapor circulation process (Figure 7b). The negative d-excess in brine is related to the
evaporation–concentration process it undergoes during formation. Surface water samples
collected from the edges of two reservoirs have experienced prolonged evaporation, result-
ing in low d-excess values similar to seawater. Saline groundwater is considered a mixture
of seawater and fresh groundwater, hence also exhibiting low d-excess values. The higher
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d-excess values in brackish and fresh groundwater samples reflect their closer connection
to precipitation and a higher proportion of recycled water vapor [88].

d − excess = δD − 8 × δ18O (4)
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3.3. Chlorine Isotope Compositions

The relationship between δ37Cl and Cl− concentrations for brine and seawater is
illustrated in Figure 8. δ37Cl values in brine samples range from −1.08‰ to −0.04‰, while
seawater δ37Cl values span from −0.70‰ to 0.22‰. Brine samples, especially those influ-
enced by seawater evaporation, consistently demonstrate negative δ37Cl values, indicating
a distinct depletion pattern in δ37Cl.
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During the process of seawater evaporation, gradual rock salt precipitation and con-
current recrystallization result in the enrichment of δ37Cl in the solid phase, while the liquid
phase exhibits a depletion pattern in δ37Cl [89]. Consequently, brine originating from the
dissolution of rock salt also displays negative δ37Cl values. However, brine associated with
rock salt dissolution typically exhibits Cl/Br ratios significantly higher than those found in
seawater. Figure 4a reveals that the Cl/Br ratios in brine closely resemble those in seawater,
suggesting that the primary source of brine is not primarily linked to the dissolution of
rock salt. Conversely, brine sample B2 stands out with a Cl/Br ratio of 2426.81, signifi-
cantly exceeding that of seawater, thus aligning with characteristics consistent with rock
salt dissolution.

4. Discussion
4.1. Genesis of Brine: Seawater Evaporation, Halogen Precipitation, and Water–Rock Interaction

The formation of brine aquifers in the Bohai Sea region results from a complex interplay
of climate change, tectonic movements, and multiple episodes of sea–land evolution [90].
The initial development of lagoons in this area occurred during the early stages of seawater
regression [91]. As lagoons lacked natural drainage outlets, they experienced prolonged pe-
riods of evaporation. Over time, lagoon water infiltrated the deeper subsurface, ultimately
converging at the forefront of ancient deltas [1].

During the process of evaporation and infiltration, various salts, including carbonates,
sulfates, sodium salts, potassium salts, and magnesium salts, became concentrated and
precipitated within the lagoon water, eventually forming sedimentary salts [92]. The
study area has experienced three marine transgressions since the Late Pleistocene [7]. In
subsequent marine transgressions, the mixing of sedimentary rocks with ancient seawater
led to the dissolution of soluble salts back into the liquid phase, as shown in Figure 4, while
insoluble carbonates and sulfates remained as part of the sedimentary salts [93].

As the sea regressed, a layer of continental sediments, primarily composed of clay
and subclay, covered the brine, acting as a barrier to further infiltration of ancient atmo-
spheric precipitation. At this stage, the brine entered a transitional phase, with water–rock
interactions becoming predominant [92].

Figure 6 demonstrates the proximity of brine samples to the evaporation line, while
Figure 8 showcases negative δ37Cl values in the brine, signifying a substantial evaporation
process during its formation. Typically, as the proportion of fresh groundwater increases,
both Cl− concentration and δ37Cl decrease [94]. The negative δ37Cl values observed in
brine, when compared to seawater, provide clear evidence of brine’s interaction with
ancient atmospheric precipitation during its genesis [93]. Han et al. (2011) [7] suggest that
this isotopic-depletion characteristic may also be attributed to mixing with depleted runoff
from the continental margins.

4.2. Genesis of Saline Groundwater: Evaporation of Seawater and Mixing Processes

Figure 4 illustrates relatively minor fluctuations in cation concentrations for saline
groundwater, which is slightly elevated compared to seawater except K+. These findings
highlight the impact of evaporated seawater on the formation of saline groundwater.
Figure 6 positions saline groundwater to the right of the evaporation line, situated between
brine and seawater. This positioning implies that the genesis of saline groundwater involves
a combination of brine and seawater mixing, alongside a significant evaporation component.
Notably, Sample S3 shows a closer affinity to brackish and fresh groundwater, suggesting
the influence of atmospheric precipitation during its formation. Ma et al. (2007) [95] also
confirmed two origins of saline groundwater: the mixing of brine with seawater and the
mixing of brine with freshwater. Liu et al. (2017) [39] proposed that, within the mixing
process between brine and seawater, saline groundwater received an additional fresh
groundwater input, potentially originating from atmospheric precipitation and river water
sources. Subsequently, the saline groundwater reservoir became enclosed, and no longer
susceptible to the influence of other water sources.
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4.3. Genesis of Brackish Groundwater: Atmospheric Precipitation and Human Activities

Figure 4 depicts the scattered distribution of Cl/Br ratios in brackish groundwater. The
ratios of cations to Br− in this type of groundwater tend to be generally higher compared
to seawater and saline groundwater, bearing a closer resemblance to fresh groundwater.
These observations suggest that the formation of brackish groundwater was not signifi-
cantly influenced by seawater or saline groundwater. In Figure 6, brackish groundwater
is positioned proximate to the LMWL, signifying that its formation is influenced by at-
mospheric precipitation. For the majority of brackish groundwater samples, there is a
departure from the evaporation line, implying that the mixing of saline groundwater and
fresh groundwater had a limited impact on their formation process. 14C testing results
also indicate a rapid exchange between brackish groundwater and atmospheric precipi-
tation [7]. It is worth noting that the brackish groundwater samples in this study are all
from Holocene groundwater. Liu et al. (2017) [39] suggested that brackish groundwater in
the Late Pleistocene groundwater formed through a process of mixing between saline and
fresh groundwater. On the other hand, Du et al. (2015) [44] discussed the characteristics
of 81Br and suggested that another potential source of brackish groundwater could be
marine aerosols.

In comparison to brine and saline groundwater, brackish groundwater exhibits notably
higher NO3

− concentrations, displaying a discernible and systematic concentration gradi-
ent. As depicted in Figure 5, the northern plain area exhibits elevated NO3

− concentrations,
while other regions show lower NO3

− levels. The northern plain area is predominantly
characterized by agricultural land use, where the application of pesticides and fertilizers
containing substantial NO3

− content is prevalent. Consequently, NO3
− infiltrates into the

brackish groundwater aquifer through agricultural irrigation practices. The variability in
NO3

− concentrations within the northern plain area can be attributed to differences in
the intensity of fertilizer application. Conversely, the southeastern mountainous area has
limited cultivated land, and the southwestern plain area is primarily allocated for industrial
and aquaculture purposes, resulting in a reduced usage of pesticides and fertilizers and
consequently lower NO3

− concentrations. Therefore, human activities, particularly agricul-
tural practices, are regarded as crucial contributors to the genesis of brackish groundwater.

4.4. Limitations and Future Research

In the sample testing process, only seawater and brine samples were tested for δ37Cl.
This was due to limitations in the Cl− concentrations of other samples and the constraints
of existing testing equipment and methods. It does not imply that δ37Cl in other samples
is unimportant.

The acceptable range of IBE exhibits some variations in different studies. Hem
(1985) [96] indicated that samples with a TDS less than 1 g/L typically have IBEs not
exceeding 1–2%, while samples with a higher TDS can accommodate larger IBEs. Ap-
pelo and Postma (2005) [97] suggested that an IBE exceeding 5% should be considered
anomalous. Li et al. (2016) [74] and Bouaissa et al. (2021) [98] considered test results with
IBE more than 9% and 10% as accurate, respectively. In two other studies, test results
with IBEs exceeding 10% were also deemed acceptable [19,99]. In this study, 53% of the
samples exhibited IBEs within 5%, while the IBEs for all samples remained within 10%
(Table S1). Fritz (1994) [100] suggested that these errors might be due to limitations in the
testing equipment and measurement techniques, or carelessness in their operation. In this
study, checks were implemented across all procedures to ensure accuracy, and each sample
was subjected to three replicate experiments to confirm the reliability of the test results.
Atkinson (2023) [101] suggested that the volatilization or dissociation of HCO3

− during
on-site testing was the reason for the underestimation of its concentration, leading to the
positive IBE in some samples. In addition, significant IBE could potentially arise from a
maximum testing error of 5% attributable to the testing technique, as well as the presence
of untested ion species in the water samples.
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The sampling for this study was conducted in September 2020, and the test results
of the samples can only reflect the groundwater’s hydrochemical composition and iso-
tope characteristics during the sampling period. A study by Wang et al. (2019) [102]
demonstrated that seawater intrusion and groundwater salinization are dynamic processes.
Additionally, several studies have shown that the stable hydrogen and oxygen isotope con-
tent in various water bodies varies with different seasons and months [88,95]. Investigating
the evolution of groundwater quality, especially the interannual and seasonal dynamics of
groundwater salinization, is necessary for preventing and mitigating seawater intrusion
and for the sustainable utilization of groundwater resources. This study recommends the
establishment of long-term monitoring points at appropriate locations in the study area to
achieve this goal.

5. Conclusions

This study employed hydrochemical and isotope analyses (H, O, Cl) to investigate
the intricate mechanisms underpinning groundwater salinization within the Quaternary
aquifers of the eastern coastal plain of Laizhou Bay. This study complements other studies in
the area also unraveling the water dynamics in this important area. The findings underscore
that the formation of brine and saline groundwater is driven by the process of seawater
evaporation, whereas the genesis of brackish groundwater exhibits minimal associations
with seawater. Furthermore, an examination through H-O isotope analyses substantiates
the prominent role of evaporation in shaping the characteristics of brine. In contrast, saline
groundwater originates from a complex mixing process involving brine, seawater, and
freshwater. Conversely, brackish groundwater primarily derives its composition from
atmospheric precipitation, distinctly reflecting the H-O isotope signatures associated with
this source. Furthermore, a rigorous assessment utilizing stable chlorine isotope analysis
elucidates that the principal source of brine can be attributed to the evaporation of seawater
and the dissolution of rock salt.

The formation of brine is emblematic of a dynamic interplay between climatic fluctua-
tions, tectonic dynamics, and episodes of sea regression and transgression. It is underscored
by the progressive transformation of ancient seawater through a series of stages, including
pronounced evaporation and the dissolution of rock salt, culminating in the creation of
brine. Conversely, the emergence of saline groundwater is guided by the amalgamation of
brine and seawater, transitioning subsequently into a self-contained environment marked
by evaporation. The formation of brackish groundwater primarily arises from the influ-
ence of atmospheric precipitation, exhibiting limited correlations with seawater or saline
groundwater. Additionally, human activities, particularly agricultural practices, exert a
substantial impact on NO3

− concentrations within brackish groundwater, with agricultural
irrigation being the predominant contributory factor.

This study provides an example of the intricate mechanisms that govern groundwater
salinization within the Quaternary aquifers of the eastern coastal plain of Laizhou Bay,
encompassing multifaceted aspects such as climate variability and sea–land evolution.
These findings can help to advance our understanding of the processes underpinning
groundwater genesis and preserve invaluable groundwater resources.
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