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Saline groundwater is a valuable unconventional water resource in silty coastal zone, which contain complex and fragile sedimentary and hydrological environments that are widely distributed and vulnerable to human activities. Coastal groundwater salinization along the eastern coast of China since the late Pleistocene is thought to be a response to global environmental change. Previous studies have shown a spatial and temporal link between the development of saline groundwater and deposition of marine strata. However, groundwater salinization is becoming an increasing problem in coastal zone, and the hydrogeochemical characteristics and cause of the groundwater salinization or desalinization remain poorly understood. In this study, we compared the hydrogeochemical characteristics and relationships between saline groundwater and the sedimentary environment in two representative, muddy coastal zone of the Yellow Sea coast (YSC) and Bohai Sea coast (BSC). Our monitoring results show that the groundwater varies from fresh water, to brackish water, saltwater, and brine moving offshore of the BSC, with total dissolved solid (TDS) concentrations of 203–184,196 mg/L. In contrast, brine is absent from the YSC, where the TDS concentrations range from 280 to 41,690 mg/L. The relationships between δ2H and δ18O values indicate that freshwater–seawater–brine and freshwater–seawater mixing are the main processes leading to enrichment in TDS in the BSC and YSC, respectively. Based on the relationship between the major cations, Cl−, and Cl/Br ratios, the results show that the groundwater salinity is primarily due to saltwater intrusion and secondly to water–rock interactions (i.e., evaporitic salt dissolution and cation exchange). The regression curves on plots of Na–Cl and (Ca+Mg)–(CO3+SO4) have negative slopes (−0.33 and −0.34, respectively) for the groundwater samples from the BSC and YSC, indicating the Na in groundwater exchange for Ca due to seawater or residual seawater intrusion. The saline groundwater (or brine) samples with reverse ion exchange indicate that seawater or residual seawater has invaded the aquifer, and in which Na+ is replacing Ca2+ and Mg2+. These results enhance our understanding of the formation and evolution of saline groundwater, and provide insights into groundwaters in other silty coastal zones.
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1 INTRODUCTION
The interactions between the ocean, land and human activities can affect muddy groundwater environments, making these areas more vulnerable to geological disasters (Wang et al., 2020). Coastal zone can be classified into five types: sandy, silty, bedrock, biological, and artificial coasts (Yang, 2004). Silty coasts are characterized by silty clay and clayey silt (Wang et al., 2003), and have been widely developed and utilized due to their broad expanse and flat terrain. Frequent changes in global sea level have led to the formation of saline groundwaters in silty coastal zone (Han et al., 2014; Larsen et al., 2017). Due to population growth and industrialization, water resources in silty coastal zone are becoming increasingly scarce and urgently needed. Understanding the formation and evolution of saline groundwater might contribute to preventing seawater intrusion and the protection of scarce freshwater resources.
Silty coastal zone has complex hydrogeological environments due to the presence of various types of groundwater, such as freshwater (total dissolved solids [TDS] < 1 g/L), brackish water (TDS: 1–3 g/L), saline groundwater (TDS: 3–50 g/L), and brine (TDS ≥ 50 g/L). For example, the groundwater varies from freshwater to brine on the coast of the Louisiana Gulf in the USA (Hanor and Mercer, 2010), Rhine-Meuse delta in the Netherlands (Griffioen et al., 2016), and the Burdekin delta in Australia (Fass et al., 2007). The complex sedimentary environment, as well as the variable hydrodynamic and hydrogeochemical conditions of silty coastal zone, hinder studies of the salinization mechanisms of groundwater (Cary et al., 2013). The salinization mechanisms of coastal groundwater include: 1) modern seawater intrusion (Reilly and Goodman, 1985; Andersen et al., 2005; Werner et al., 2013); 2) marine transgressive–regressive events associated with ancient sea water intrusion (Kooi et al., 2000; Santucci et al., 2016; Li et al., 2021); (3)evaporitic salt infiltration (Guan et al., 2010; Yang et al., 2016); 4) water–rock interactions (Merchán et al., 2015; Sun et al., 2023); 5) pollution by industrial and domestic waste water (Perrin et al., 2011; Cary et al., 2013); 6) extreme weather events such as storm surges and tsunamis (Yu et al., 2016).
Despite numerous studies of saline groundwater, the formation mechanisms of different types of groundwater remain unclear. Currently, the methods used for identifying the source and migration of water–salt include mainly (bio) geochemical analysis (major and trace elements, microorganisms, and isotopes ratios) and numerical simulations. Although (bio) geochemical analysis can provide information regarding the source, supply, and migration of water and salt, it cannot accurately quantify the contribution from different sources or predict the evolution of groundwater under complex environmental conditions. In contrast, numerical simulation can quantify the hydrodynamic and hydrogeochemical changes on different spatial and temporal scales, but provide limited insights into the formation mechanisms of saline groundwater.
Saline groundwater occurs widely in eastern coastal areas of China, including Hebei, Shandong, and Jiangsu provinces, where groundwater has been utilized for centuries, with brine being used for salt production on the northern coast of Shandong Province (Han et al., 1996). Previous studies have investigated saline groundwaters in these silty coastal zones. Zhao et al. (1993) proposed that changes in the Holocene sea level controlled the distribution of saline groundwater beneath the Jiangsu alluvial plain. Zhang X. et al. (2017) found that deep saline groundwater beneath the Jiangsu alluvial plain was mainly formed by leaching of salt from ancient marine strata. Ge (2018) investigated the salinity sources in porewater from the Jiangsu alluvial plain, and showed that the salinity was mostly derived from Holocene seawater, with the deep porewater salinity due mainly to contributions from late Pleistocene seawater. By simulating the porewater migration, Li et al. (2021) showed that saltwater in weak permeable layers was the potential cause of groundwater salinization.
The Bohai Sea coast (BSC) has more types of groundwater and a more complex evolution as compared with the Yellow Sea coast (YSC). Sun et al. (2006); Sun (2007) found that overexploitation of groundwater had caused various modes of seawater intrusion in BSC, including facial, stripped, veined, and leakage types (Zuo and Wan, 2006; Fei et al., 2009; Shi et al., 2014). Along the southern coast of Laizhou Bay, previous studies have focused mainly on the sedimentary environment (Han et al., 1999; Li et al., 1999; Liu et al., 2003), water–rock interactions (Zhang and Chen, 1996; Sun et al., 2023), and saltwater (brine) intrusion (Han D. et al., 2011; Han F. et al., 2011; Han et al., 2014). Early studies considered that the coastal brine was formed by the evaporation and concentration of ancient seawater stranded by marine transgressive–regressive events since the late Pleistocene (Han and Wu, 1982; Zhang and Chen, 1996; Wang et al., 2003). However, further research has questioned this hypothesis (Han et al., 1996; Xu et al., 2011; Yang et al., 2016; Sun et al., 2023). Although the previous studies linked the source of the saltwater to marine transgressive–regressive events, the proposed formation mechanisms vary widely. From the perspective of regional water circulation, there have been few studies of the saline groundwater (brine) characteristics and salinization, and most researches on groundwater salinization is focused on the two end-members mixing model of saline–fresh water, the mixing of the three end-members (freshwater–seawater–brine) and the hydrogeochemical evolution of saline groundwater remain poorly understood (Han D. et al., 2011; Han F. et al., 2011; Han et al., 2014; Hu et al., 2015; Dang, et al., 2022; Sun et al., 2023). Given this shortcoming, it is necessary to better understand the formation and evolution of saline groundwater in silty coastal zone (Gao et al., 2015).
Our research objectives were as follows: 1) to clarify the relationship between saline groundwater and the sedimentary environment in silty coastal zone; 2) to identify the water and salt sources in saline groundwater and the controlling factors on the hydrochemical evolution; and 3) to compare the formation and evolution of saline groundwater in the YSC and BSC.
2 MATERIALS AND METHODS
2.1 Regional setting
The distribution of saline groundwater in the silty coast of eastern China is mainly concentrated in coastal zone of Hebei, Tianjin, Shandong, and Jiangsu Provinces (Figure 1). These regions have an elevation below 30 m and a slope ratio <0.13‰. The climate is influenced by monsoon variations in BSC, with an average annual temperature of 8°C–12°C, showing warm-dry conditions and high evaporation rates. Specifically, the annual average evaporation is 1–4 times higher than annual average precipitation (Sun et al., 2006). The annual average precipitation of YSC is 1,050 mm, and the annual average evaporation is 951–1,120 mm (Li et al., 2021).
[image: Figure 1]FIGURE 1 | Saline groundwater and three marine transgressions in coast of eastern China (Modified from Xue, 2009; Hou et al., 2021).
The North China depression belongs to the China-North Korea Paraplatform, while the Lower Yangtze depression falls within the Yangtze Paraplatform, as determined by their geological structures. The secondary depressions and uplifts are predominantly oriented in the NE direction. Since the Cenozoic period, these structures have been in a decline stage, while the surrounding mountains ranges have experienced relatively upward movement (Li, 1986). Due to extensive sedimentation, all uplifts and depressions have been buried by thick layers of sedimentary formations. In particular, the Quaternary strata are characterized by a thickness of 500–600 m. The major coastal rivers in the study area including the Yellow, Huaihe, Haihe and Luanhe rivers.
The sedimentary environment of saline groundwater in the silty coast is complex, and microscopic hydrogeochemical behavior occurs at the interfaces of seawater/saltwater, saltwater/brine, and freshwater/saltwater. Such behavior could lead to changes in the chemical type of groundwater, which in turn affects the intensity of groundwater circulation. The saline groundwater significantly impedes normal industrial and agricultural production. Conversely, the overexploited fresh groundwater has changed the hydrodynamic conditions of local groundwater. This has resulted in saltwater intrusion into freshwater aquifers, causing geological disasters such as groundwater salinization and soil secondary salinization, which seriously threatens the sustainable development of the coastal ecological environment.
2.2 Sedimentary environment
The BSC and YSC have been the sites of deposition of three marine sediment layers since the last glacial period (Qing and Zhao, 1985). These layers are closely linked to changes in global sea level, and correspond to the Cangzhou (Qp31; 110–70 ka B.P.), Xianxian (Qp33; 40–25 ka B.P.), and Huanghua (Qh2, 7–2.5 ka B.P.) transgressions. The general distribution and thickness of each sediment layer are provided in Table 1. The largest transgressive event occurred during the middle Holocene, with the boundary extending to the west coast of Yellow Sea (i.e., the northern Jiangsu alluvial plain). Coeval ancient or invasive seawater is stored in these alternating continental–marine facies sedimentary strata. The sedimentary environment along these silty coasts varies greatly due to the combined effects of tectonic activity, sea level rise, topography, and paleoclimate. The sedimentary environment has undergone major changes, especially during the early stages of the regressions. As such, the groundwater consists of multiple types and is stratified.
TABLE 1 | Distribution range and characteristics of transgression stratum in the Yellow Sea and Bohai Sea (modified by Li, 1986).
[image: Table 1]The distribution of saline groundwater along the eastern coast of China is mainly controlled by the topography. Groundwater flow onto alluvial fans at mountain fronts penetrates into the relatively low alluvial plain and finally flows into the river delta. The northern saltwater area is mainly the Luxi Plain, and the southern saltwater area is the low hilly area from southwest Shandong Province to the Yangtze River, which is mainly the alluvial plain in northern Jiangsu Province. Although saltwater in northern Jiangsu Province is not connected with that in the northern China, there is exchange of saline groundwater between the saltwater in northern Jiangsu Province and that in northern China due to the effects of former Yellow River and geological structure.
In Cangzhou in Hebei Province, a saltwater layer along the Binhai–South Canal is sourced from the Holocene to lower Pleistocene strata, and the salt water to the west of the South Canal–Ziya River occurs only in the Holocene and Upper Pleistocene strata. The depth of the saltwater layer ranges from 20 to 280 m. Based on the burial conditions and hydraulic properties, the groundwater is typically divided into shallow and deep saline groundwaters. The shallow groundwater is <60 m deep and mostly Holocene saltwater. The deep groundwater is >60 m deep and mostly late middle Pleistocene saltwater (Li, 1986). From the land to ocean, the groundwater exhibits obvious zonation: HCO3–Ca·Mg → HCO3–Ca·Na → HCO3·Cl–Na·Ca → Cl·SO4–Na → Cl–Na. The shallow groundwater beneath the alluvial plain in northern Jiangsu Province is mainly saltwater. The deeply confined aquifer was mainly recharged by precipitation during the late Pleistocene cold periods, and the shallow groundwater was mainly recharged by precipitation during the Holocene warm period. The salinity is mainly derived from ancient residual seawater that has undergone strong evaporation.
The distribution of saline groundwater is closely associated with coastline changes. For example, since the Holocene transgression, there have been several high sea-level stands (Figure 2). A comparison of the changes of the saline groundwater with the shoreline, seawater intrusion, and stratigraphy (Table 1) shows that the saltwater distribution is related to changes in the seawater intrusion and coastline. For example, the Yellow and Bohai Seas expanded to the surrounding inland plains. The distribution of saltwater (and marine transgressive strata) is greatest in the western BSC and YSC, and smallest along the northeast BSC and YSC (Figure 2). From the mountain front → central alluvial plain → river delta, the saltwater layer occurs in Holocene → late Pleistocene to Holocene → lower Pleistocene to Holocene strata, due to the temporal relationship between seawater intrusion and transgression. There is also a strong correlation between the saltwater chemistry and transgressive strata. From the ocean to land, the hydrochemical characteristics vary as follow: Cl–Na → SO4·Cl–Na·Mg → HCO3–Ca·Na. The TDS concentrations also change from high to low.
[image: Figure 2]FIGURE 2 | Transition of coastlines and distribution of saline groundwater.
2.3 Dating and methods
A total of 139 samples were collected (Figure 3), including 124 groundwater samples, 12 surface water samples, one local rainwater sample, and two seawater samples, during four sampling campaigns from October 2016 to June 2020. Groundwater samples were divided into shallow groundwater samples (depth < 30 m) and deep groundwater samples (depth > 30 m), which were obtained from unconfined and confined aquifers, respectively. The surface water included eight samples from the YSC and four samples from the BSC.
[image: Figure 3]FIGURE 3 | Distribution of saline groundwater and location of sampling points.
All samples were filtered through a 0.22 μm filtration membrane, cationic analysis samples are pretreated with a 6 mmol/L nitrate water at pH < 2. Stable isotope (δ2H, δ18O) testing samples were filled with 10 mL brown glass bottle, and the hydrochemical test samples were filled with 500 mL plastic bottle.
Groundwater sampling depths and pH values were measured in situ using Eureka Manta+ (Water quality Multiprobe Sonde). The concentrations of K+, Na+, Ca2+, Mg2+, and Br−ions were measured using inductively coupled plasma analysis (ICAP–7400), while SO42– and Cl−ions were determined using ion chromatography (ICS–600). The HCO3− concentrations of samples were measured using titration. The TDS is obtained by evaporating the water at 105°C–110°C and weighing the total amount of the resulting dried residue, or is calculated by all dissolved component concentrations summed minus one-half of the bicarbonate. The water samples were tested at the Experimental & Testing Center of Marine Geology, Ministry of Natural Resources, China, using high-temperature pyrolysis-isotope ratio mass spectrometry. The values of δ18O and δ2H were calculated with respect to Vienna Standard Mean Ocean Water (VSMOW), and the uncertainties in δ2H and δ18O were ± 1.0‰ and ± 0.2‰, respectively.
At the same time, this study collected 239 hydrochemical data and 172 isotope data (δ18O and δ2H) in BSC and YSC published papers (Han et al., 1996; Xue et al., 2000; Han D. et al., 2011; Han F. et al., 2011; Han et al., 2014; Du et al., 2015; Yang et al., 2016; Zhang Y. et al., 2017).
3 RESULTS
3.1 Hydrochemistry
The TDS concentrations of groundwater in the BSC and YSC range from 204 to 184,196 mg/L and 280 to 41,690 mg/L, respectively. The distribution of groundwater chemical types included (Zhou, 2013): freshwater, brackish water, saline water, and brine, with a predominance of freshwater–brackish water–saline water–brine from land to ocean in the BSC, and freshwater–brackish water–saltwater in the YSC. As mentioned earlier, the hydrogeochemical types exhibit distinct zonation in the silty coasts. In the BSC, the freshwater is mainly HCO3–Ca, HCO3–Ca∙Mg, HCO3–Na; brackish water is HCO3–Na and Cl–Na; saltwater and brine is Cl–Na (Figure 4A). In the YSC, freshwater is HCO3–Ca and HCO3–Na, brackish water is HCO3–Na, HCO3–Mg, and Cl–Na, and saltwater is Cl–Na (Figure 4B).
[image: Figure 4]FIGURE 4 | Piper triplex diagram [(A) BSC, (B) YSC].
Gibbs diagrams are frequently used to characterize the primary factors that influence the chemical composition of groundwater, including rainfall, mineral weathering, and evaporation (Rajmohan et al., 2021; Yang et al., 2021). Figure 5 illustrates that mineral weathering is the dominant control on freshwater chemistry. Mineral dissolution and precipitation can modify the cationic components during runoff, such as calcium feldspar weathering to kaolinite and sodium feldspar weathering to montmorillonite, resulting in a broad distribution range of (Na+K)/(Na+K+Ca) in fresh groundwater (Figure 5). With increasing TDS concentrations, (Na+K)/(Na+K+Ca) decreases in saline water, indicating that seawater intrusion has progressively become the main factor. Brine samples along the BSC locate in the upper right corner of the Gibbs diagram (Figure 5A), indicating that they are controlled by strong evaporative concentration (Xu et al., 2021).
[image: Figure 5]FIGURE 5 | Gibbs diagram [(A) BSC, (B) YSC].
3.2 Isotopes
Stable isotopes can record the processes of recharge, mixing, and evaporation in coastal groundwaters. The global meteoric water line (GMWL; δ2H = 8∙δ18O + 10) was taken from Craig (1961), and the local meteoric water line (LMWL; δ2H = 6.6 δ18O + 0.3) for the BSC is based on H–O isotope data for rainfall at Tianjin Station, which is located ∼100 km from the study area (IAEA/WMO, 2006). The LMWL (δ2H = 8.5∙δ18O + 17.7) for the YSC is based on data from Nanjing Station (IAEA, 2011) (Figure 6). For the BSC, H–O isotope data deviate to the right of the GMWL and LMWL (Figure 6A), indicating that atmospheric precipitation has undergone evaporation or mixing with other waters before entering the aquifer. Many seasonal rivers, such as the Mihe and Weihe rivers, flow into the Bohai Sea. Affected by evaporation, isotopic fractionation of the river water is likely to occur. Most of the freshwater and brackish water isotopic compositions are similar to those of river water, indicating groundwater is closely linked to surface rivers. The freshwater with stable isotopic compositions that plot at the bottom left of Figure 6 may be related to groundwater recharge under cold conditions during the late Pleistocene (Han D. et al., 2011; Han F. et al., 2011; Li et al., 2017; Dang et al., 2020).
[image: Figure 6]FIGURE 6 | Relationships of Hydrogen and Oxygen isotope in various water samples [(A) BSC, (B) YSC].
Given that the retention time of underground brine along the BSC ranges from 2 to 7 ka B.P. (Han et al., 2014; Dang et al., 2022), the saline groundwater is likely to be due to infiltration of ancient seawater after evaporation and salt concentration during Holocene transgression. In the BSC, the saline groundwater samples have a wide range of δ2H and δ18O values, which plot mostly along a seawater and brine mixing line, indicative of the freshwater–seawater–brine end-members. Fresh groundwater from the YSC plots mainly near the GMWL and LWML (Figure 6B), and the isotopic composition is similar to that of rainwater, indicating the freshwater is mainly derived from atmospheric precipitation. With increasing TDS concentrations, the isotope values gradually become enriched, and the brackish water and saltwater samples plot along the local seawater mixing line (Mao et al., 2020).
Figures 7, 8 show the relationships between Na+, Mg2+, Ca2+, SO42-, Br−, and Cl−concentrations in the water samples. On plots of Na–Cl (Figure 7A), Mg–Cl (Figure 7B), and Br–Cl (Figure 8A), the saltwater samples plot near the seawater–freshwater mixing line, and saltwater with higher TDS concentrations than seawater plots near the seawater evaporation line, indicating that the salinity is related to seawater and residual seawater after evaporation. The Cl/Br ratio of seawater is 655 (Siemann, 2003), and the Cl/Br ratio of terrestrial freshwater is generally <<655. The Cl/Br ratio is often used to identify the salinity source of coastal groundwater (Liu et al., 2017). As shown in Figure 8B, some of the saltwater and brine samples deviate from the seawater Cl/Br ratio line. NaCl precipitation occurs after seawater evaporation reaches halite saturation, and Br is not easy to precipitate, due to its stable chemical properties; thus, the Cl/Br ratio of residual seawater decreases (Figure 8B). However, during recharge by atmospheric precipitation, evaporitic salts in marine strata are easily dissolved into groundwater, resulting in increasing Cl/Br ratios (Cartwright et al., 2004; 2006). In plots of SO4–Cl and Ca–Cl (Figures 7C, D), the water samples deviate from mixing or evaporation lines, particularly the Cl/Br ratios of the freshwater and brackish water samples, which deviate significantly from the seawater ratio (Figure 8B). This indicates that mixing with seawater or concentrated saltwater, in combination with hydrogeochemical effects such as mineral precipitation–dissolution, and ion exchange may have modified the groundwater composition during its formation and evolution.
[image: Figure 7]FIGURE 7 | Relationship between major ions (A is Na+, B is Mg2+,C is Ca2+, D is SO42−) and chloride ions in various water samples (blue is simulation mixing curve of seawater and fresh water, and the red is evaporation line of seawater in BSC).
[image: Figure 8]FIGURE 8 | Correlation diagram of bromine and chlorine in underground water samples [(A) Bromine and chlorine, (B) Bromine/chlorine and chlorine).
4 DISCUSSION
4.1 Hydrochemical process
In general, Ca dominates terrestrial groundwater, and the Ca/Mg ratio is >1 (Abu-alnaeem et al., 2018). Magnesium in saline groundwater is only exceeded in concentration by Cl and Na, and the Ca/Mg ratio is much lower than that of terrestrial freshwater. Due to seawater intrusion, groundwater Ca/Mg ratios will change significantly. Most of the Ca/Mg ratios are >1 in the fresh groundwater samples (Figure 9A), indicative of mineral weathering and groundwater recharge and runoff. The dissolution of gypsum increases the Ca and SO4 contents, which also explains why the freshwater and brackish water samples are located above the seawater mixing line in plots of SO4–Cl and Ca–Cl (Figures 7C, D); Weathering of silicate minerals such as plagioclase means that some freshwater samples plot above the 1:1 line of Ca-containing minerals (gypsum, calcite, and mica) (Figure 9B). With increasing Cl contents, the Ca/Mg ratios of the brackish water and saltwater samples approach that of seawater (Figure 9A), indicating seawater intrusion. The Ca/Mg ratios of the saltwater and brine samples are less than that of seawater. The salinity of the brine reflects that of residual seawater after evaporation. When the seawater evaporated, Ca-containing minerals such as calcite and muscovite were precipitated (Wang, 2021). The Ca2+ in the residual seawater was consumed, and the Ca/Mg ratios of the residual seawater decreased.
[image: Figure 9]FIGURE 9 | Relationship between Ca/Mg and Cl [(A). Ca/Mg and Cl (B). (Ca+Mg)/(HCO3+SO4) and Cl].
When the salinity changes significantly, such as aquifer desalination or seawater intrusion, there may be ion exchange between the groundwater and clay minerals in the aquifer medium (Eq. 1), and a reverse ion exchange (RIE) process may also occur (Eq. 2) (Nogueira et al., 2019; Rajmohan et al., 2021).
[image: image]
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The relationships between Na–Cl and (Ca+Mg)–(HCO3+SO4) can well be indicative of cation exchange. If cation exchange is the cause of enrichment of Na+ or Ca2+ (Mg2+) in groundwater, then the water samples should plot near the equilibrium line with a slope of about −1 (Xiao et al., 2014). As shown in Figure 10A, the slopes of the groundwater regression curves are −0.33 and −0.34 for the BSC and YSC, respectively. The saltwater (brine) samples are located in the RIE field, indicating that seawater or residual seawater has infiltrated down into the aquifer and undergone exchange between Na+ (K+) and Ca2+ (Mg2+) via interactions with clay during seawater intrusion. This also explains why the (Ca+Mg)/(HCO3+SO4) value is >1 for the saltwater and brine samples. The slopes of the regression curves for the freshwater and brackish water samples are −0.69 and −0.63 in the BSC and YSC, respectively (Figure 10B). Most water samples plot in the cation exchange area, indicating that the freshwater and brackish water samples have undergone cation exchange processes. After a regressive event, freshwater (i.e., river water and atmospheric precipitation) can recharge a saltwater aquifer, and Ca2+ (Mg2+) is exchanged with the Na+ adsorbed in the marine sediments, enriching Na+ in the groundwater and resulting in Ca2+ or Mg2+ consumption. The (Ca+Mg)/(HCO3+SO4) values of the freshwater and slightly saline water samples are <1 (Figure 9B).
[image: Figure 10]FIGURE 10 | Relationship between (Na–Cl) and (Ca+Mg)–(HCO3+SO4) in coastal groundwater [(A). all water samples, (B). fresh and brackish water samples].
4.2 Groundwater formation mechanisms
Douglas et al. (2000) and Han and Currell (2018) proposed that coastal multi-type groundwaters are part of a complex system formed in numerous stages during ocean–land interactions, with mixing between two or three end-members. Chloride ions and oxygen isotopes in groundwater do not participate in reaction processes and can be used to examine mixing processes and saltwater (brine) evolution. Figure 11A shows the relationship between δ18O values and Cl−contents of the various BSC groundwater samples. Seawater–freshwater and brine-freshwater mixing lines were constructed based on conservation of mass. The saltwater and brine samples plot between the two mixing lines, and the water samples with a lower salinity than seawater plot near the seawater–freshwater mixing line. With increasing Cl−, the groundwater samples gradually approach the saltwater–freshwater mixing line.
[image: Figure 11]FIGURE 11 | Relationship between δ18O and Cl of various water samples [(A) BSC, (B) YSC].
Since the late Pleistocene, the study area has experienced marine transgression–regression events in the silty coastal zone (Gao et al., 2016). Saltwater intrusion can occur in sand barrier–lagoon facies and other places, and the groundwater was salinized by seawater–freshwater mixing. As the sea level became stable, rivers began to prograde towards the ocean. Due to river sand transport and waves, the sand barrier–lagoon environment changed under the mild–arid paleoclimatic conditions, especially at the delta front. After evaporation, the concentrated saltwater in this semi-closed environment infiltrated the aquifer, and underwent cation exchange and mixing, which increased its salinity. The “seawater-brine-freshwater” end-members mixing occurred in this groundwater aquifer (Dang et al., 2022). Due to a marine regression, lateral infiltration of river waters and fresh groundwater is considered to have been the main saltwater dilution process in the Vietnam delta (Kwong and Jiao, 2016; Larsen et al., 2017; Van Lam et al., 2019). Due to the shallow channels submerged by seawater, frequent flooding events help to wash away ancient saltwater. However, due to mixing with river water and groundwater, mineral dissolution (gypsum) and RIE can occur. The brackish and freshwater samples of the present study have low Cl−contents like the river water samples (Figure 11A), and similar stable isotopic composition.
A plot of δ18O versus Cl−in the YSC shows saltwater plots mainly near the seawater mixing line, and brackish water and freshwater plot close to the river water samples (Figure 11B), indicating that the groundwater has undergone similar salinization and dilution processes. Brine has not yet been documented in the YSC. During a regression, parts of the YSC formed barrier–lagoons (Zhang et al., 2010). However, a large amount of freshwater (Yellow and Yangtze rivers) enters the ocean, which has promoted the transformation of lagoons into freshwater lakes (Ling, 2005). At the same time, the southern Yangtze River provides the material that has formed the tidal sand formations in the YSC (Li et al., 1998). Tidal sands are conducive to cation exchange (Figure 10B). In general, the groundwater is saltwater, but it does not have a high salt concentration due to the lack of stable and semi-enclosed lagoonal evaporitic environments in the YSC.
5 CONCLUSION
Saline groundwater occurs in complex and fragile sedimentary environments, and is widely distributed and susceptible to human activities in silty coastal zone. We investigated saline groundwaters in the BSC and YSC. Since the late Pleistocene, there have been three or more large-scale marine transgressive–regressive events along the eastern coast of China. The groundwater composition was found to be controlled by mineral weathering, seawater intrusion, and residual seawater that formed after evaporation. The dissolution of evaporitic salts in marine strata was also a contributor to groundwater salinity. Three end-member mixing (seawater, concentrated salt water (brine), freshwater) occurs in the BSC, whereas saline groundwater is mainly formed by two end-member mixing (seawater and freshwater) in the YSC. Brine has not yet been observed in the YSC, which may be due to the large amount of freshwater and lack of semi-enclosed environments, such as barrier–lagoon systems. The study highlights the complexity of groundwater evolution in silty coastal zones due to ocean-land interactions and human activities. Overall, this study provides valuable insights into the complex geochemical and hydrological processes that govern saline groundwater occurrence in the silty coastal zone. The findings have important implications for managing and conserving freshwater resources in vulnerable coastal zones.
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