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Sea (salt) water intrusion is a significant and ongoing geological disaster, and in recent years, it has become a notable concern for Laizhou City, Shandong Province. To identify the characteristics and mechanism of sea (salt) water intrusion in Laizhou City, samples of different types of water bodies (such as seawater, freshwater, slightly brackish water, brackish water, saline water, and brine) were systematically collected from the coastal zone area. The hydrochemical composition and evolution characteristics of the water bodies and the current situation, trends, and causes of sea (salt) water intrusion were analyzed. In 2020, the sea (salt) water intrusion reached 645.76 km2 (including 151.64 km2 of serious intrusion area), which is the largest ever recorded. The sea (salt) water intrusion had a strip-sheet distribution. From land to sea, groundwater gradually transitioned from the HCO3·SO4·Cl-Ca type to SO4·Cl-Na·Ca and SO4·Cl-Na types and then evolved to the Cl-Na type. Furthermore, from land to sea, the dominant cations and anions shifted from Ca2+ and HCO3- to Na+ and Cl-. The influence of seawater or brine gradually increased, that of Ca2+ and HCO3- gradually decreased; whereas that of Cl- and Na+ gradually increased, showing a division zone of freshwater → slightly brackish water → brackish water → saline water → seawater (brine) in the macroscopic territory. The freshwater, slightly brackish water, and brackish water bodies in the study area were controlled by evaporation and concentration processes and rock weathering leaching, whereas the saline water and brine were primarily controlled by evaporation and concentration processes. Groundwater salinity in the study area mainly originates from sea (salt) water intrusion, and locally groundwater salinity mainly originates from mineral dissolution or human activities. In addition, significant cation exchange adsorption occurred in slightly brackish and brackish water. Overall, these results will help to prevent and control seawater intrusions and improve disaster management.
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1 Introduction

Sea (salt) water intrusion is the process and phenomenon of sea (salt) water bodies invading freshwater bodies along underground pore fissures due to natural and anthropogenic factors. This process can change the hydrodynamic conditions of underground aquifers in coastal areas, polluting underground freshwater (Chen, 2013; Sallam, 2022; Xaza et al., 2023). In China's coastal areas, sea (salt) water intrusion is considered a significant and ongoing geological disaster (Sun et al., 2006).

Groundwater quality is affected by hydrogeochemical processes that occur within the groundwater system and water-aquifer matrix interactions (Kim et al., 2019). The chemical and geological characteristics of an aquifer can cause hydrogeochemical processes to vary both temporally and spatially (Abu-alnaeem et al., 2018; Salem et al., 2022). The residence time of groundwater within an aquifer also affects the groundwater chemistry (Okofo et al., 2022). The main processes affecting groundwater chemistry and water quality in coastal areas are rock-water interactions, rock weathering dissolution, ion exchange, and sea (salt) water intrusion (Balasubramanian et al., 2022; Arroyo-Figueroa et al., 2024). The dissolution of rocks due to weathering usually leads to increases in the major cation content of groundwater (Walraevens et al., 2018; Zhang et al., 2020), and rock weathering produces large quantities of clay minerals, which in turn undergo cation exchange with intruding sea (salt) water (Wu et al., 1996; Yusuf et al., 2021), thus profoundly changing the groundwater quality. Population activities, such as industrial and agricultural mining, can also have a significant impact on sea (salt) water intrusion (Li, 2011; Zhao et al., 2017; Guo et al., 2021).

Researchers have used a variety of methods to study sea (salt) water intrusions. The hydrochemical characteristics and evolutionary processes of coastal groundwater have been investigated using Piper and Gibbs diagrams, mineral saturation indices, ion ratio analyses, and numerical modeling to elucidate sea (salt) water intrusion mechanisms (Gibbs, 1970; McLean et al., 2000; Lu et al., 2010; Hou et al., 2019; Meyer et al., 2019; Yusuf et al., 2021; Han, 2023; Chen Y et al., 2024; Moorthy et al., 2024; Samanta et al., 2024). Since 1975, researchers in China have investigated sea (salt) water intrusions and successfully developed groundwater quality modeling and sea (salt) water intrusion monitoring and elucidated sea (salt) water intrusion mechanisms and saline and freshwater interfacial transport laws (Wu et al., 1996; Guo et al., 2003; Tang et al., 2007; Chen, 2010; Han et al., 2014; Dong et al., 2018; Wang et al., 2022; Chang et al., 2024; Chen B et al., 2024; Zhang et al., 2024). These research results are valuable for understanding the process and mechanism of sea (salt) water intrusion.

Laizhou City is located on the east coast of the Laizhou Bay, northwest of the Jiaodong Peninsula. It was one of the first cities in China to identify seawater intrusion (the first discovery was in 1976) and has since been considered a typical seawater intrusion area in China due to its rapid economic development, increased water consumption for industry and agriculture, and over-exploitation of groundwater (Zhao et al., 2017; Guo et al., 2021). These characteristics have led to the formation of a groundwater landing funnel in the coastal plain, which resulted in the further development of seawater intrusions and had a serious impact on the ecological environment (Zhang, 2004; Huang et al., 2023).

Previous researchers have investigated sea (salt) water intrusions in Laizhou City using water chemical analysis, groundwater isotope studies, groundwater statistic measurements, monitoring profile construction, numerical simulations, remote sensing interpretations, ecological studies, and models (Yin et al., 1992; Wu et al., 1994; Han et al., 2011; Liu et al., 2023; Cheng et al., 2016; He et al., 2018; Cui et al., 2024). Nevertheless, studies related to sea (salt) water intrusion in Laizhou City have predominantly focused on the period before 2016, and there has been a gradual decrease in the number of studies in recent years. The monitoring work used in this study shows that sea (salt) water intrusions can continue to expand, and their characteristics change, leading to new threats. However, detailed classification studies of groundwater that could help elucidate the evolution of different water bodies, such as freshwater, slightly brackish water, and brackish water, are limited, as are the classification management and hierarchical control of groundwater. Consequently, further research on sea (salt) water intrusion in the coastal area of Laizhou City is required.

To address this issue, data were collected, field investigations were performed, and indoor analysis and testing were conducted based on the main components of seawater, brine, freshwater, and other water bodies to elucidate the hydrochemical composition of different water body types and evolution based on statistical analyses and explore current sea (salt) water intrusion conditions as well as the trends and underlying factors.




2 Materials and methods



2.1 Study area

The study area of Laizhou City in northern Shandong Province, China, borders the Bohai Sea and has a total area of 1928 km2, a coastline of 108 km (Figure 1), and a resident population of 824,700. This region has a continental climate in the north-temperate East Asian monsoon zone, with noticeable changes during the four seasons. The mean annual temperature and precipitation were 12.9 °C and 610 mm, respectively (Huang et al., 2023). The topography of Laizhou City is high and mountainous in the southeast, and it shows a gradually stepwise decline to the coast in the northwest (Figure 2). This decline can be divided into five landform types: eroded low mountains, denuded hills, pre-mountainous hillocks, alluvial flood plains, and coastal plains (Li, 2011). Fifteen major rivers are found in Laizhou City, and they are primarily small and medium sized and generally originate from the southeastern mountainous areas. These rivers have strong seasonality, a short source, rapid flow, high peaks, high volumes, and steep rises and falls, and the flood discharge is affected by the top support of the tide. In addition to the Xiaogu River to the east, which flows into the Dagu River and then into the Yellow Sea, the Wang, Baisha, Su Guo, Zhuqiao, Nanyang, and other rivers flow northward into the Bohai Sea. Laizhou Bay has experienced three sea transgression and retrogression events since the Late Pleistocene (Gao et al., 2018). Consequently, the coastal plain area southwest of Laizhou City produces interactive depositions of land and sea strata with a complex aquifer structure, which is relatively rich in brine resources.
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Figure 1 | Groundwater sampling locations in the coastal area of Laizhou City.
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Figure 2 | Topography in Laizhou City (from the ASTER GDEM 30M).



The region is tectonically located in the northwestern Jiaodong uplift zone to the east of the Yimu rift. The fracture structure of the study area has developed predominantly in the north-east direction, with the development of secondary north-west fractures. The stratigraphy of the study area primarily consisted of metamorphic rocks from the Jiaodong and Fanzishan Groups (Figure 3). The Quaternary System is widely distributed in Laizhou, primarily in the coastal plain. The coastal plain comprises alluvial, floodplain, and marine accumulation strata with a thickness of 20–60 m. The sand layer is thicker, with coarse grains and better water permeability, and the vertical structure of the aquifer is simpler, especially the continuous distribution of the Holocene marine accumulation layer, which provides a good surface channel for the intrusion of sea (salt) water. In addition, while invading the aquifer of the Quaternary System, sea (salt) water will directly expand to the bedrock under the Quaternary System, and the weathering fissures, tectonic fissures, and fault fracture zones in the bedrock aquifer are important channels for the invasion of seawater in Laizhou City. Moreover, the development of basal fracture structures vertically intersect with the coastline in a northwesterly direction, thus providing a strong connection with seawater (Yin et al., 1992).
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Figure 3 | Geological sketch map of Laizhou City.






2.2 Sample collection and processing

The sampling strategy prioritized the Quaternary system distribution zones to systematically assess the spatial heterogeneity of sea (salt) water intrusion, which was further correlated with local hydraulic conductivity variations in the aquifer. In early September 2020, groundwater samples were collected from the coastal plain area of Laizhou City using a Baylor tube collector. Seventy groundwater samples were collected and tested on-site for pH, EC, mineralization, dissolved oxygen, and water temperature using a Hash DS5 water quality meter. Groundwater can be classified as freshwater (< 1 g/L total dissolved solids (TDS)), slightly brackish water (1–3 g/L TDS), brackish water (3–10 g/L TDS), saline water (10–50 g/L TDS), and brine (> 50 g/L TDS) according to the TDS (Wan et al., 2012; Zhou, 2013). Of the 70 groundwater samples collected, 22 were freshwater, 40 were slightly brackish, 3 were brackish, 2 were saline, and 3 were brine. To facilitate a comparative study, the project team synchronously collected five groups of seawater samples. The sampling point distribution is shown in Figure 1.

The samples were tested at the Analytical Testing Laboratory of the University of Science and Technology Beijing. Potassium and sodium were determined using Flame Atomic Absorption pectrophotometry (FP640), calcium and magnesium were determined using Disodium EDTA titration, carbonate and bicarbonate were determined using titration, nitrate nitrogen was determined using ultraviolet spectrophotometry (UV-1800), sulfate was determined using turbidimetric assay (UV-1800), and chloride was determined by silver titration. The balance error of each ion in the sample is within ±5%, and the test data are reliable.




2.3 Data analyses

Based on the Technical Procedures for the Monitoring and Evaluation of Seawater Intrusion (HY/T 0314-2021: Ministry of Natural Resources of the People's Republic of China, 2021), sea (salt) water intrusions can be classified as no intrusion, mild intrusion, and severe intrusion (Wang et al., 2014; detailed in Table 1). Cl- in groundwater has high solubility and does not easily precipitate. It is one of the most stable ions in the water body and can directly reflect seawater intrusion, and it represents the most direct and sensitive indicator for judging the intrusion of sea (salt) water and the most commonly used indicator (Zhao, 1998; Li and Ye, 2016; Zhao et al., 2017; Li et al., 2020; Chen et al., 2024). The results were statistically analyzed using EXCEL, including mass concentration, mg equivalent concentration, and ionic ratio characteristics. Relevant graphs, including Piper and Gibbs diagrams, were produced using Origin software. ArcGIS was used to produce a distribution map of the sea (salt) water intrusion, and a Piper diagram and Shukarev's classification were used to determine the water chemistry type. In addition, PHREEQC software was used to calculate the saturation index of minerals in the water column.


Table 1 | Hydrochemical indicators of sea (salt) water intrusion and intrusion level.







3 Results and discussion



3.1 Spatial distribution characteristics of sea (salt) water intrusions

In addition to the actual situation in Laizhou City, this study used the Cl- mass concentration distribution to characterize the spatial distribution and degree of seawater intrusion. ArcGIS software was used to draw the distribution map of the current sea (salt) water intrusion in the coastal area of Laizhou City (Figure 4).
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Figure 4 | Map of current seawater intrusions in Laizhou City (a: from the 'Geological sketch map of Laizhou City').



The Laizhou City sea (salt) water intrusion area was significant and widespread, and it showed a strip-piece distribution. In 2020, the sea (salt) water intrusion reached 645.76 km2 (including 151.64 km2 of serious intrusion area). Serious intrusion areas were primarily distributed in Tushan Town and showed a concentrated and continuous spread. For the distribution of brine resources, TDS reached up to 83583.90 mg/L, with the highest concentration of chlorine ions reaching up to 47,950 mg/L. Second, in the southern part of Sanshandao Street, chlorine ions, which were distributed in the form of an isolated island, reached up to 2,393 mg/L. In the north of Laizhou City, Sanshandao Street and Jincang Street had mild seawater intrusion areas, and Chenggang Road Street was covered by a large intrusion area. The seawater intrusion in this area was 6.37–10.74 km inland. To the south, in the central coastal area, the intrusion width gradually decreased due to the outcropping of bedrock and the thinning of the surrounding Quaternary strata (Figure 3). The intrusion distance in the central coastal area was 1.31–5.85 km. In the southwestern region, the quaternary stratigraphy exhibited increasing thickness and carbonate rocks were locally distributed (Li, 2005), and the mild seawater intrusion area showed a piece-like distribution. The coastal plain southwest of Laizhou City was almost entirely in the sea (salt) water intrusion area. The intrusion-free area was primarily distributed in the central and southeastern inland areas, and a small number of freshwater wells was distributed in the intrusion area in the form of single points, which may represent local freshwater bodies produced by rainfall.

Sea (salt) water intrusion is closely related to the topography, geomorphology, hydrogeological conditions, and intrusion mode (Zhao, 1998). The northern part of Laizhou City is a pre-mountain floodplain and coastal plain with a wide area (Figure 2). The quaternary aquifer is narrow at approximately 20–60 m wide, and it contains 1–2 aquifers (Figure 5). The lower part of the bedrock is predominantly metamorphic granite, whereas the bedrock surface is more strongly weathered and is the site of fissure development. The whole loose layer of the quaternary system and the bedrock surface layer provide a good passage for the intrusion of seawater. In the middle of Laizhou City, the terrain is higher, bedrock is exposed in a large area, and the quaternary system is narrower (Figure 3); essentially, no seawater intrusion. The southwestern part of Laizhou City has abundant brine resources, and the quaternary system is widely distributed. The thickness varies greatly, and local karst development is coupled with strong anthropogenic activities, resulting in sea (salt) water intrusion into a large area. This study assessed the current sea (salt) water intrusion in the study area and obtained the geological characteristics of the aquifer in the northern coastal part of the study area. The data provide theoretical support for the design and construction of barriers to prevent the intrusion of sea (salt) water and for monitoring and early warning systems.
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Figure 5 | Typical geological profile of the coastal plain in the northern part of Laizhou City.






3.2 Hydrochemical parameter characterization

The hydrochemical parameters of the studied water bodies are summarized in Table 2. The pH of the groundwater in the study area ranged from 6.17 to 8.88 and was dominated by weakly acidic to weakly alkaline water. From freshwater to brine, the average TDS values showed a rapid increase, with 68042.19 mg/L for brine, 30902.4 mg/L for seawater, and 780 mg/L for freshwater, with brine and seawater being 87.23 and 39.62 times that of freshwater, respectively. In terms of the size of the average concentration of cations and anions, brine and seawater were Na+ >Mg2+ > Ca2+ > K+ and Cl- > SO42- > HCO3-, saline water was Na+ > Mg2+ > Ca2+ > K+ and Cl- > SO42- > HCO3-, brackish water was Na+ > Ca2+ > Mg2+ > K+ and Cl- > SO42- > HCO3-, and slightly brackish water was Na+ > Ca2+ > Mg2+ > K+ and Cl- > SO42- > HCO3-, and fresh water was Ca2+ > Na+ > Mg2+ > K+ and HCO3- > SO42- > Cl-. From sea (salt) water to fresh water, the dominant cations transition from Na+ and Mg2+ to Ca2+ and Na+. Except for the freshwater anion average concentration size of HCO3- > SO42- > Cl-, the rest of the water bodies exhibited Cl- > SO42- > HCO3-, indicating that the anion dominant in the groundwater will be swiftly transformed from HCO3- to Cl- once the groundwater has been intruded by sea (salt) water. The coefficients of variation for each ion in the seawater and brine were low, indicating that the spatial distribution of each ion in the two water bodies was relatively uniform. The coefficients of variation for K+ were greater than 1 in freshwater, slightly brackish water, and saline water, indicating strong variability. This finding demonstrated that the spatial distribution of K+ was significantly uneven and affected by the natural world and anthropogenic activities.


Table 2 | Groundwater and seawater hydrochemical parameters in the study area.






3.3 Hydrochemical composition and evolutionary mechanisms



3.3.1 Piper diagram

The Piper diagram can be used to understand the main ion composition and evolutionary characteristics of a water body (Lu et al., 2010), and the Shukarev classification can be used to delineate groundwater chemical types (Wang et al., 2023). Seawater, brine, and saline water cations are primarily composed of K+ and Na+. The percentage of Na+ mg equivalents reaches more than 70% (Figure 6). In contrast, anions are primarily composed of Cl-, with the percentage of mg equivalents > 65%, and the percentage of SO42- mg equivalents ranging from 10% to 30%. The water chemistry of the brine and seawater is the Cl-Na type, while saline water is the Cl-Na and SO4·Cl-Na types. The distribution of the chemical types of brackish, slightly brackish, and freshwater is relatively dispersed, with 9 freshwater chemical types, primarily HCO3·SO4·Cl-Ca type, followed by HCO3·Cl-Ca, HCO3·Cl-Ca·Mg, HCO3·SO4-Ca, and SO4·Cl-Ca·Mg types; and 14 slightly brackish water chemical types, primarily SO4·Cl-Na·Ca and SO4·Cl-Na types, followed by HCO3·SO4·Cl-Na·Ca, HCO3·SO4·Cl-Ca, Cl-Ca, and Cl-Na types; and three brackish water chemistries, Cl-Ca, Cl-Na·Ca, and Cl-Na types. From the land to the sea, the groundwater chemistry type gradually transitioned from the HCO3·SO4·Cl-Ca type to SO4·Cl-Na·Ca and SO4·Cl-Ca types and then evolved to the Cl-Na type. From land to sea, the cations changed from being dominated by Ca2+ to Na+ and the anions changed from HCO3- to Cl-. The groundwater was gradually aggravated by the seawater and brine, with Ca2+ and HCO3- gradually decreasing and Cl- and Na+ gradually increasing. Thus the partitioning of freshwater → slightly brackish water → brackish water → saline water → seawater (brine) was observed in the macroscopic territory.
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Figure 6 | Piper diagram of water bodies in the study area.






3.3.2 Gibbs diagram

The Gibbs diagram reflects the control of major ion concentrations in water bodies via the effects of evaporation and concentration, rock weathering and leaching, and atmospheric precipitation. It plots the ratios of Na+/(Na++Ca2+) and Cl-/(Cl-+HCO3-) versus TDS (Gibbs, 1970).

The water chemistry data for seawater, brine, saline water, brackish water, slightly brackish water, and freshwater were plotted using the Gibbs diagram. The TDS values for the water bodies ranged from 456 to 83,584 mg/L, the cation ratios ranged from 0.08 to 0.96, and the anion ratios ranged from 0.25 to 0.99. The vast majority of the samples fell within the Gibbs diagram. The brine, seawater, and saline water bodies were more affected by evaporation and concentration, which had a stronger effect on brine than seawater and saline water (Figure 7). From the anion ratio, the evaporation-concentration effect gradually strengthened from freshwater → slightly brackish water → brackish water → saline water → seawater (brine), and from the cation ratio, freshwater and slightly brackish water bodies are obviously controlled by rock weathering dissolution and filtration, and part of the saline water bodies are also obviously controlled by rock weathering dissolution and filtration. The freshwater, slightly brackish water, and brackish water bodies in the study area were controlled by evapotranspiration-concentration and rock weathering leaching. In contrast, seawater, saline water, and brine were primarily controlled by evapotranspiration-concentration. All water bodies were weakly affected by precipitation, which is presumably related to the greater evaporation than precipitation in Laizhou City in recent years.


[image: ]

Figure 7 | Gibbs diagram of groundwater and seawater in the study area.






3.3.3 Na+/Cl–Cl- relationships and Mg2+/Cl–Cl- relationships

The source of salts in groundwater can be elucidated using the Na+ and Cl- and Mg2+ and Cl- molar concentration ratios and Cl- mass concentration relationship (Hou et al., 2019). The Na+ and Cl- molar concentration ratio in seawater is 0.85, and the Na/Cl ratio of brine is < 0.85 (paleoseawater). However, the ratio is close to 1 or greater than 1 in dissolved filtration water and shallow freshwater (Wang et al., 1995).

Without human activities, rock salt dissolution is the main source of Na+ and Cl- in groundwater. The Na+/Cl–Cl- relationship revealed that two seawater samples were located on the line of the standard seawater ratio of 0.85, while the other three seawater samples had values of 0.94, 0.93, and 0.62. Seawater with ratios of 0.94 and 0.93 may have been affected by the input of land-based sources, which led to high Na+ content. For the seawater with a ratio of 0.62, the Na+ and Cl- contents were lower than those of the other seawater areas and may have been affected by rainwater or diluted by freshwater from land sources. The brine samples had ratios of 0.74, 0.76, and 0.7, which were lower than 0.85, and saline water had values of 1.02 and 0.96, which were slightly higher than 0.85. As the saline water sampling sites were located near the brine distribution area, the saline water was likely influenced by shallow freshwater infiltration, rainwater, or rock salt dissolution. Freshwater, slightly brackish water, and brackish water were predominantly below the 0.85 line. The Na+ content of these groundwater samples was low, while the Ca2+ content increased. The exchange of Na+ and Ca2+ in the groundwater likely occurred during the intrusion of the sea (salt) water. Among the sample sites, only four of the freshwater, four of the slightly brackish water, and one of the brackish water samples were distributed above the 0.85 line. which is ≥ 1. These samples were likely influenced by the general dissolved filtration water and shallow freshwater. Rock salt dissolution is also an important source of Na+ and Cl- for freshwater, slightly brackish water, and brackish water.

The distribution characteristics of water sample points in the Mg2+/Cl–Cl- relationship were more standardized. Mg, Na, and Cl were the primary components in standard seawater, and Mg and Cl were more strongly correlated (Mg/Cl value of 0.1). The seawater samples in this study were distributed on the line with a Mg/Cl value of 0.1, which is consistent with the Mg/Cl value of standard seawater, while the brackish, saline, and brine waters were all distributed along the standard seawater ratio line and close to the 0.1 line, which indicates that the ocean is an important source for brackish water, saline water, and brine formation (Edmunds et al., 2006; Yang et al., 2016). As some samples showed an obvious deviation of the Mg/Cl value from the 0.1 line, the influence of anthropogenic activities and other factors on the salt source could not be excluded based on an analysis of the sampling location and associated land uses. The Mg/Cl value of slightly brackish water began to increase, the Mg/Cl value of freshwater was the largest, and the Mg/Cl value gradually increased, indicating that the sea (salt) water intrusion was gradually decreasing. The salts gradually transitioned from the ocean as the primary source to other sources, such as the dissolution of rock salts and exogenous inputs due to anthropogenic activities.




3.3.4 (Na+ – Cl-) versus [(Ca2+ + Mg2+) – (HCO3- + SO42-)] relationship diagram

The (Na+ – Cl-) versus [(Ca2+ + Mg2+) – (HCO3- + SO42-)] relationship diagram provides an accurate indication of cation exchange, which is an ion-exchange reaction between clay minerals (e.g., montmorillonite and illite) in the aquifer and groundwater. If cation exchange plays an important role in groundwater evolution, then the relationship between (Na+ – Cl-) and [(Ca2+ + Mg2+) – (HCO3- + SO42-)] will exhibit a negative correlation with a slope of approximately -1 (McLean et al., 2000). Figure 8 shows that the slope of the fitted line for the groundwater samples in the study area was -0.9096, which is very close to -1, and the R2 value was 0.9616, indicating that cation exchange adsorption occurred in fresh, slightly brackish, and brackish waters in the study area.
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Figure 8 | The (Na+ – Cl-) versus [(Ca2+ + Mg2+) – (HCO3- + SO42-)] relationship diagram.



Most of the samples exhibited Na+ < Cl-, with (Ca2++Mg2+) > (HCO3-+SO42-), which is a typical feature of seawater intrusion. Thus, during seawater intrusion, clay minerals adsorb Na+ and release Ca2+ and Mg2+. As the seawater intrusion increased, (Na+-Cl-) and [(Ca2+ + Mg2+) – (HCO3- + SO42-)] showed an increasing trend.

A few samples showed Na+ > Cl- and (Ca2++Mg2+) < (HCO3-+SO42-). These samples were all distributed in the coastal plain in the northern part of Laizhou City, and they showed high SO42- content, which may have been closely related to the high-intensity human activities in this area (e.g., agricultural fertilizer application, sewage discharge). Although granite is widely distributed in this area and silicate weathering releases Na+, most of the freshwater and slightly brackish water in the region showed Na+ < Cl-. Therefore, the high Na+ may have been caused by human activities rather than silicate weathering.




3.3.5 Mineral saturation index characterization

The saturation index (SI), which refers to the ratio of ionic activity for a particular mineral to its dissolution equilibrium capacity, can be used to characterize water-rock interactions in groundwater and compare the dissolution-precipitation reactions of minerals in aquifers (Han, 2023). In this study, the saturation indices of minerals such as anhydrite (CaSO4), aragonite (CaCO3), calcite (CaCO3), dolomite (CaCO3), gypsum (CaSO4·2H2O), and halite (NaCl) in the water bodies of the study area were calculated using PHREEQC software.

Figure 9 shows that the calcite, aragonite, and dolomite saturation indices exhibited the same fluctuation trends. Certain freshwater samples with little or no influence from seawater were saturated or supersaturated with calcite, aragonite, and dolomite, indicating that corresponding carbonate minerals occurred in the water-bearing medium of the study area and that mineral dissolution is an important source of Ca2+ in freshwaters. In addition, the saturation indices of calcite, aragonite and dolomite in most freshwater samples were lower than those in other water bodies and were not yet saturated, while the saturation indices of calcite, aragonite, and dolomite in slightly brackish and brackish waters samples were mostly close to 0 or even greater than 0. Combined with the observations from previous studies cited in this paper, cation-exchange adsorption was the main reason for the increased Ca2+ and Mg2+ contents in the slightly brackish and brackish water samples.
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Figure 9 | Mineral saturation index of different water bodies in the study area.



As the TDS increased, the saturation indices of gypsum, anhydrite, and halite showed an overall gradually increasing trend. Such a trend was also observed in the process of subsurface runoff. As the sampling location of this paper was located in a coastal plain area, which is less affected by the effect of runoff, this increasing trend was mainly caused by the intrusion of sea (salt) water. In addition, from freshwater to brine, the saturation index of gypsum and anhydrite gradually tended to 0 or even greater than 0, indicating that each mineral gradually tended to be saturated or even reached supersaturation in this process. This finding explains the large number of gypsum crystals in the brine resource area observed over the course of the field investigation. In addition to seawater and brine, gypsum, anhydrite, and halite in the water body had not reached a saturated state and only showed the effect of sea (salt) water intrusion, which indicates that certain evaporite minerals were not found or were only found at low levels in the local aquifer.




3.3.6 Analysis of the mixing processes of freshwater and seawater

During seawater intrusion, Cl- is usually considered a conserved ion and thus can be used to calculate the seawater-freshwater mixing ratio. In addition, the concentration of different ions can be compared with the theoretical concentration to calculate the ion delta value (the measured concentration of ions in the water samples minus the concentration of ions in the theoretical mixing solution) to determine the enrichment effect of ions (Yao et al., 2011).

Figure 10 shows that the proportion of sea (salt) water intrusion increased, the TDS in the water body gradually increased, Ca2+ and Mg2+ increased, and Na+ decreased in most of the slightly brackish and brackish water. The increasing trend of Ca2+ was noticeable because calcite, aragonite, and dolomite were close to saturation or supersaturation in the slightly brackish and brackish water. Therefore, cation alternating adsorption was the main reason for the increase in Ca2+ and Mg2+ and the decrease in Na+.
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Figure 10 | Ionic delta values of Na+, Ca2+, Mg2+ and K+ in different water bodies.



When the TDS was low, Ca2+ was not significantly enriched in freshwater, indicating that mineral dissolution was the main source of groundwater salinity. As the proportion of sea (salt) water intrusion increased, TDS gradually increased and the groundwater began to receive salts from seawater or brine sources. Moreover, the samples were significantly affected by the cation alternating adsorption effect. In addition, some of the water bodies showed high Na+ enrichment, which may have been closely related to the high-intensity human activities in the study area.





3.4 Overview of the causes and trends of sea (salt) water intrusion



3.4.1 Groundwater recharge and discharge

The terrain of Laizhou City is high in the south and low in the north, with low mountains and hills accounting for 58.3% of the area and plains accounting for 41.6% (Guo et al., 2021). The overall trend of the groundwater level from the land to the sea constantly decreases, with groundwater discharge to the sea representing the main mode. Except for the Jiao Lai River, all other rivers originate from the southeast, have short channels and steep longitudinal slopes, and are seasonal rain-fed rivers, with most of their annual precipitation concentrated in the months of June–August, which accounts for 85.6% of the average multi-year rainfall. Except for a small amount of precipitation retained by reservoirs and dams during the flood season, a large amount of precipitation is discharged into the sea through confluence, with minimal recharge to groundwater (Guo et al., 2021). Once the flood season ends, most rivers dry up again without water.

The area is arid, experiences low levels of rain, and has many irrigation wells. Seasonal irrigation and mining are the main discharge modes in the freshwater area. In the brine resource area around Tushan Town and the seawater aquaculture area in Jincang Street, groundwater is primarily used for brine mining and seawater aquaculture, and groundwater pumping is the main mode of discharge in this area. Many villages and towns in Laizhou City are underground mining areas, and some mines are as deep as 800 m. The large amount of pumped groundwater has caused the groundwater level of shallow strata to drop dramatically (Guo et al., 2021), and coupled with the uncontrolled mining in villages and towns, the overall decline in the groundwater level of Laizhou City is serious, and the groundwater cannot be recharged and replenished efficiently. In addition, the Wanghe Underground Reservoir in the north of Laizhou City, built in 2004, has greatly prevented seawater intrusion. In recent years, the massive exploitation of bedrock fissure water in the reservoir's northern part has weakened the underground reservoir's role. The salty groundwater has intruded into the inland areas along the bedrock fissure.

Long-term observation of groundwater dynamics revealed a gradual downward trend in groundwater in the whole region. A significant groundwater descent funnel exists in Tushan Town in the southwestern part of Laizhou City, which is related to the long-term exploitation of underground brine in the local area. A descent funnel exists in the southwestern seashore of Jincang Street in the northern part of Laizhou City, due to seawater aquaculture; the aquaculture activities in the area result in the convergence of the surrounding groundwater to the seashore, so that seawater cannot be intruded from the west side, but this has increased the risk of seawater intrusion from the north side to the south.




3.4.2 Causes of intrusion

The causes of sea (salt) water intrusion in Laizhou City are complex. Studies (Yin et al., 1992; Wu et al., 1994; Wang et al., 2008) have shown that natural factors, such as meteorology, hydrology, geological topography, and storm surges are the basic conditions for the occurrence and development of intrusions. Irrational economic activities, such as over-exploitation of groundwater, are the primary factors leading to the occurrence and development of seawater intrusions. In terms of geological factors, the intrusion of sea (salt) water into Laizhou City is closely related to the stratigraphy of the Quaternary System and bedrock fissures. The coastal plain of Laizhou City consists of alluvial and floodplain strata, with thick sand layers, coarse grains, and good water permeability; the development of basal fracture structures is vertically intersected with the coastline in a northwesterly direction, which is well connected with seawater (Yin et al., 1992). Seawater can easily intrude into the land once the balance between the underground freshwater and the seawater pressure is lost.

Regarding storm surge factors, the coastal area of Laizhou City is a storm surge-prone area. Storm surges occur many times a year (Li, 2011), flooding farmland and washing down houses in the coastal area. Seawater become stagnant when it pools for a long time on the land, thus creating favorable conditions for seawater intrusion. Laizhou City is also affected by a monsoon climate that is relatively dry and produces less rain, which is the main natural factor causing seawater intrusion in Laizhou City. Over the past 10 years, low rainfall levels have been observed in Laizhou City, and evaporation has exceeded rainfall, thus reflecting the continuous dry climate. Runoff of surface water and groundwater into the sea is consequently reduced or disappears, and the dynamic balance between salty and fresh water in the aquifers is disrupted, thereby intensifying seawater intrusion in the area.

With respect to sea level rise, the rate along the coast of China was 3.4 mm/year from 1980 to 2020, which was higher than the global rate during the same period (Ministry of Natural Resources of the People's Republic of China, 2021). In 2020, the sea level along the coast of the Bohai Sea was 86 mm higher than that in a typical year and 12 mm higher than that in 2019 (Ministry of Natural Resources of the People's Republic of China, 2021). As the sea level rises, the tidal influence increases and seawater invades the rivers, increasing the salinity of these freshwater bodies. This affects industrial and agricultural and residential water use along the rivers. The rise in sea level also disrupts the pressure balance between salty and fresh water, which causes seawater to flow into the land from the lateral direction, leading to the salinization of the soil or even the pollution of underground freshwater resources.

In terms of man-made factors, in 1977, there was a continuous drought in Jiaodong Peninsula, and all the water storage projects within the city were dried up. Consequently, the rivers were cut off, affecting the production of industry and agriculture that relied on groundwater extraction. In the coastal plain area, to increase food production, there is a climax of drilling wells and excessive groundwater exploitation. In a relatively short period, the density of machine wells and large wells in the plain areas to the south and north of Laizhou City reached more than 10 wells/km2 (Li, 2011), and 20–25 wells/km2 in some townships (Wang et al., 2008). This has led to serious over-exploitation of the groundwater and negative funneling in some areas, inducing seawater intrusion.

In addition, the expansion of salt fields in Laizhou and seafood cultivation on land have introduced seawater into the land, which is also an anthropogenic factor of seawater intrusion that cannot be ignored (Wang et al., 2008). In recent years, the northern part of Laizhou City has been exploiting bedrock fissure water for agricultural irrigation; the balance of salty and fresh water in the deep part of the city has been disrupted, resulting in the direct intrusion of sea (salt) water into the inland hinterland along the bedrock fissure, and the special phenomenon of high chlorine value in the inland hinterland.




3.4.3 Sea (salt) water intrusion trends

Since the occurrence of seawater intrusion in 1976, the seawater intrusion disaster has gone through five developmental stages, including initial development, deterioration, mitigation, and differentiation (Zhuang et al., 1999; Feng et al., 2006; Yi et al., 2010; Liu et al., 2011; Miao, 2013; Cheng et al., 2016). When the initial seawater intrusion was identified, only 15.81 km2 of seawater had intruded in Laizhou City, mainly in areas with a high density of well-drilling and high groundwater extraction. The area of intrusion reached 273 km2 in 1995, 276.99 km2 in 1997, 259.67 km2 in 1999, 234 km2 in 2003, 261 km2 in 2005, and 257 km2 in 2008, with 1997 presenting the peak of seawater intrusion before 2008 (Wang et al., 2008; Liu et al., 2011). Turbot culture was introduced in 1996, and the scale of culture has since expanded rapidly along with the large extraction of brackish groundwater (600,000~700,000 m3/day), reducing the groundwater level in the brackish water area. Furthermore, saline and freshwater interfaces have continued to move to the brackish side and eventually remained stable (Zhao et al., 2017), and the area of seawater intrusion declined from 273 km2 in 1995 to 234 km2 in 2003, a decrease of 14.2% compared with the peak (Cheng et al., 2016). In 2007, the intrusion area expanded again to 241 km2, and in 2010, the seawater intrusion area in Laizhou City was 232 km2. While the intrusion area fluctuated, it remained stable (Miao et al., 2013). According to the statistics presented in this study, the area of seawater intrusion in 2020 reached 645.76 km2 (including 151.64 km2 of severe intrusion area), which is the highest level recorded, indicating that seawater intrusion has rapidly increased since 2010.

From 1976 to 1997, there was a period of rapid intrusion; from 1997 to 2003, there was a period of weak intrusion; from 2003 to 2010, the intrusion was relative stability; and from 2010 to 2020, there was a period of rapid intrusion. Historical data indicate that the climate of Laizhou City will remain predominantly dry in the coming years; thus, seawater intrusion is expected to intensify.





3.5 Groundwater evolution and intrusion patterns

The above analyses revealed the groundwater evolution characteristics based on the ion content and characteristic ion ratios in different water bodies. Combined with the factors that affect seawater intrusion, the ion content and ratios reveal the groundwater evolution and seawater intrusion patterns in the study area (Figure 11).
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Figure 11 | Sketch map of groundwater evolution and intrusion patterns in the study area.



From land to sea, the pre-mountain plains and alluvial plains area present a large slope, high accumulations of alluvial deposits with coarse sediment particles, strong aquifer development, good groundwater recharge and drainage circulation conditions, and steep groundwater hydraulic gradients (Li, 2005). The hydrochemical type is expressed as HCO3·SO4-Ca type, which led to the formation of freshwater with low mineral content. The area extending to the alluvial plain and marine plain zone of the near-shore zone exhibits finer sediments due to the sorting effect, a lower gradient of underground runoff, increased vertical discharge (from evaporation and groundwater mining), and more saline groundwater. This zone not only receives inland underground freshwater recharge but also experiences seawater intrusion and water-rock ion exchange. In this process, ions such as Ca and Mg increased and Na ions decreased. The water chemistry type evolved into the SO4·Cl-Na·Ca type and SO4·Cl-Ca type, thus forming a mixed type of freshwater and seawater. In the seawater of Laizhou Bay, the hydrochemical type evolved into the Cl-Na type. In the coastal plain area in the southwestern part of the study area, groundwater runoff and circulation were slow, vertical evaporation was significantly enhanced and represented the main discharge pathway over geological history. In addition, the TDS increased. Thus, this area formed a typical brine resource distribution area, and the groundwater chemistry type evolved to the Cl-Na type.

Groundwater has been over-exploited in the plain area of Laizhou City for many years, which has destroyed the balance of salt and fresh water. Under the background of higher groundwater discharge than recharge and the combined effect of various factors, such as sea level rise and storm surge, sea (salt) water has gradually intruded to inland areas and a unique intrusion pattern has formed (Figure 11).





4 Conclusions

In this study, freshwater, slightly brackish water, brackish water, saline water, brine, and seawater samples were obtained from the coastal area of Laizhou City. These samples were analyzed to generate an overall picture of the hydrochemical characteristics of the groundwater in the study area, calculate the area of the most recent sea (salt) water intrusion, determine the evolutionary trends of hydrochemical constituents from freshwater to sea (brine) water, and perform superficial analyses of the mechanisms and trends of intrusion. The research results are of great practical significance for the graded management of groundwater in Laizhou City. The following conclusions were obtained:

	From the land to the sea, seawater and brine gradually affect groundwater in Laizhou City. Furthermore, the Cl- and Na+ contents have gradually increased, and groundwater has gradually transitioned from an HCO3·SO4·Cl-Ca type to SO4·Cl-Na·Ca, SO4·Cl-Ca, and Cl-Na types.

	Evapotranspiration-concentration and rock weathering leaching processes control the freshwater, slightly brackish, and brackish water bodies in the study area. In contrast, the evapotranspiration-concentration process primarily controls saline and brine waters.

	When the TDS is low, mineral dissolution is the main source of groundwater salinity. As the proportion of sea (salt) water intrusion increases, the TDS gradually increases and the groundwater begins to receive salts from seawater or brine. In addition, the groundwater is significantly affected by the cation alternating adsorption effect. Part of the water body shows a high degree of enrichment of Na+ and SO42-, which may be closely related to the high-intensity human activities in the study area.

	The Laizhou City sea (salt) water intrusion area was significant and widespread, with a strip-like distribution. In 2020, the sea (salt) water intrusion area in Laizhou City was 645.76 km2. Over time, groundwater in Laizhou City has been heavily exploited and insufficiently recharged. Under the influence of natural factors such as meteorology, geological topography, and storm surges, the balance between salty and fresh water has been disrupted, leading to the intrusion of sea (salt) water into the inland and a unique intrusion pattern. Based on historical data, the intrusion of sea (salt) water is expected to continue over the next few years.
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