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High-fluoride (F-) deep groundwater in the vicinity of mining areas poses severe ecological risks. In this study, we aimed to characterize and reveal the seasonal distribution and influencing factors of elevated F- concentrations in the deep groundwater in the Shendong mining area, Shaanxi and Inner Mongolia province, China. In addition, the ecological risks associated with F- concentrations in irrigation water were assessed. During the wet and dry seasons, the F- concentrations in mine water samples ranged between 0.12 and 13.92 mg/L (mean: 4.24 mg/L) and between 0.20 and 17.58 mg/L (mean: 4.59 mg/L), respectively. The F- content of mine water was clearly higher during the dry season than that during the wet season. F- concentrations in deep groundwater exhibited consistent spatial distributions during both the dry and wet seasons, with an evident increase from southeast to northwest. The dissolution and precipitation of F--bearing and calcium minerals, cation exchange, competitive adsorption, evaporation, and anthropogenic activities during both the wet and dry seasons were identified as important factors influencing F- concentrations in deep groundwater. In addition, the ecological assessment revealed that 100% and 88.89% of low-F- deep groundwater samples were suitable for practices during the dry and wet seasons, respectively. In contrast 84.00% and 84.62% of high-F- deep groundwater samples were unsuitable for irrigation practices during the dry and wet seasons, respectively. This research provided useful prevention policies of deep groundwater extraction to mitigate environment problems associated with excessive F- irrigation.
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INTRODUCTION
Fluorine (F), one of the lightest halogen elements in the environment, is difficult to precipitate under normal temperature and pressure conditions and typically occurs as fluoride (F-) in natural water (Ali et al., 2018). For emerging countries such as China and India, potable groundwater is the primary source of F- consumption (Aghapour et al., 2018; Ali et al., 2018; Adeyeye et al., 2021; Araya et al., 2022). It is well known that the concentration of F- has an effect on human health. F- concentrations in natural water sources are typically less than 1.00 mg/L (Laxmankumar et al., 2019; LaFayette et al., 2020). Long-term consumption of potable groundwater containing F- concentrations greater than 1.00 mg/L and 4.00 mg/L can cause dental and skeletal fluorosis, respectively (Kumar et al., 2018; LaFayette et al., 2020). In addition, a high concentration (>10.00 mg/L) of F- is commonly associated with carcinogenic effects, including arthritis, neurological disorders, thyroid cancer, infertility, and hypertension (Ali et al., 2018; Toolabi et al., 2021; Chicas et al., 2022; Hao et al., 2022). Hence, it is safe to consume potable groundwater with F- concentration below 1.00 mg/L, which is the maximum permissible F- concentration for drinking water in China (He J et al., 2013; Hao et al., 2021a). Prior to consumption, the pre-treatment processes that regulate the F- concentration in groundwater are considered essential. Groundwater is also the primary source of irrigation water in arid and semi-arid regions around the world, ensuring specific crop yields (Kumar et al., 2018; Kumar et al., 2019; Li et al., 2021).
The two principal sources of F- in groundwater are anthropogenic (Borzi et al., 2015; Mamatchi et al., 2019; Su et al., 2021; Yadav et al., 2021; Zango et al., 2021; Huang et al., 2022) and geogenic in origin (Currell et al., 2011; He X et al., 2013; Xiao et al., 2015; Dehbandi et al., 2018; Hao et al., 2021b; Duggal and Sharma, 2022). Previous studies have found that geogenic processes are frequently responsible for elevated F- concentrations in groundwater (Dehbandi et al., 2018; Emenike et al., 2018; Rashid et al., 2018; Hao et al., 2021c; Duggal and Sharma, 2022; Huang et al., 2022). Importantly, F-bearing minerals in rock strata, including fluorite, fluorapatite, and cryolite, are typically identified as the most important geogenic sources of F- (He J et al., 2013; Mondal et al., 2014; Olaka et al., 2016; Laxmankumar et al., 2019; Hao et al., 2021d; Duggal and Sharma, 2022; Rehman et al., 2022). In addition, specific water-rock interactions play a very important role in the fluoride enrichment of groundwater, such as evaporation (Dehbandi et al., 2018; Li et al., 2018; Chicas et al., 2022; Rehman et al., 2022), competitive adsorption (Li et al., 2018; Ali et al., 2019; Rehman et al., 2022), and ion exchange effects (Li et al., 2015; Ali et al., 2018; Huang et al., 2022; Nizam et al., 2022). Anthropogenic sources, such as application of phophate fertilisers and pesticides, use of aluminum smelting, glass and brick industries, the burning of coal, and processing of mining activities, also contribute excessive amounts of fluoride into groundwater (Li et al., 2018; Rashid et al., 2018; Ali et al., 2019; Hao et al., 2022; Zhang et al., 2022). Furthermore, numerous geochemical ions may affect the presence of F- in groundwater. For instance, high-F- groundwater often have neutral to alkaline pH and they are typically Na-HCO3 dominant with low concentrations of Ca2+ and Mg2+ (Li et al., 2018; LaFayette et al., 2020; Huang et al., 2022; Nizam et al., 2022).
The exploitation of underground coal resources is always accompanied by the drainage of vast quantities of mine water (Yang et al., 2019; Yuan et al., 2022). Excessive mining activities and their associated mine water drainage are unavoidable sources of several geogenic elements such as F- and other pollutants (Jeong et al., 2018; Blasco et al., 2019; Yadav et al., 2021). F- has been previously detected in coal and categorized as a toxic element (He J et al., 2013; Yadav et al., 2021; Hao et al., 2022) and coal mines activities usually incorporate toxic elements into mine water (Yadav et al., 2021). The discharge of untreated F--containing mine water from coal mines typically contaminates the surrounding groundwater system and leads to environmental degradation (Yadav et al., 2021; Zhang et al., 2021; Zhang et al., 2022). Due to various geochemical factors, the seasons influence the F- concentrations in groundwater differently (Orland et al., 2014; Najamuddin et al., 2016; Sahu et al., 2020). Owing to the negative effects of high-F- mine water, it is of the utmost importance to monitor the seasonal quality of groundwater in arid and water-scarce areas from an ecological perspective. As one of the eight largest coalfields in the world, the Shendong mining area annually discharges approximately 106 million tons of mine (Hao et al., 2021a; Xu et al., 2021; Zhang et al., 2021). Several studies have indicated that the F- concentration in mine water of part of the Shendong mining area exceeds 1.00 mg/L, which unquestionably poses environmental risks (Hao et al., 2021b; Guo et al., 2021; Zhang et al., 2021; Hao et al., 2022). The large amount of groundwater with high fluoride is not suitable for domestic water, due to lack appropriate treatment technology and adequate funding (Gu, 2014; Gu et al., 2021). Hence, the high-F- groundwater primarily guarantees the water supply for ecological irrigation for the natural fragilely ecological conditions (Gu, 2014; Gu et al., 2021) and for landscape water after simple purification treatment (Song et al., 2020), which doubtlessly brings potential crises for the ecological environment of the mining area. Although the spatial distribution, geochemical behavior, and formation mechanisms for elevated F- in mine water in the Shendong mining areas have been investigated (Hao et al., 2021c; Zhang et al., 2021; Hao et al., 2022), the impact of high-F- mine water, seasonal effects, and ecological irrigation risks of F- concentrations on the surrounding deep groundwater have received limited attention. Moreover, assessing the F- concentrations in deep groundwater during the dry and wet seasons is beneficial for analyzing the seasonal concentration changes and determining the ecological irrigation risks.
In this study, we aimed to 1) further investigate the spatial characteristics and influencing factors of deep groundwater F- in the vicinity of the Shendong mining area during the dry and wet seasons; and 2) assess the ecological irrigation risks associated with F- concentrations in deep groundwater using the sodium adsorption ratio (SAR) and sodium percentage (Na%). The results of this study contributed to a comprehensive understanding of the seasonal distribution and geochemical factors of F- in deep groundwater affected by mining activities, thereby preventing ecological impacts associated with excessive F- irrigation in the Shendong mine area.
GEOLOGICAL BACKGROUND
The Shendong mining area (geographical coordinates: 111°04″–111°11″ N and 39°20″–39°30″ E) is located in a mountainous region and spans a surface area of 3481 km2 (Figure 1). This region has a typical warm-temperate and semi-arid continental monsoon climate and recorded an average annual precipitation rate of approximately 437.2 mm and an average annual evaporation rate of 2065.1 mm between 1949 and 2012. The average temperature is 9.9°C. As a component of the Ulan Mulun River system, no major rivers transect the mining area.
[image: Figure 1]FIGURE 1 | Location of Shendong mining area in China and distribution of deep groundwater sampling sites.
The overall geological structure of the Shendong mining area is a monocline dipping towards the SW with a dip angle of 1–8◦. Faults are rare in the mining areas and the geologic structure is identified as simple (Zhang et al., 2021; Hao et al., 2022). Usually, Yanchang Formation (T3y) of the Upper Triassic, Fuxian Formation (J1f) of the Lower Jurassic, Yanan Formation (J1-2y) of the Middle and Lower Jurassic, Zhiluo Formation (J2z) and Anding Formation (J2a) of the Middle Jurassic, Cenozoic (Kz) and Salawusu Formation (Q3s) are the main geological strata from bottom to top in the Shendong mining area (Zhang et al., 2021). The Q3s phreatic (shallow groundwater) and J1-2y deep groundwater (deep groundwater) aquifers are the main aquifers in the mining area. Owing to their thickness (119.09–227.12 m, mean: 174.93 m) and relative abundance of water, deep groundwater aquifers are an essential source of potable and irrigation water in the area. The lithology of the deep groundwater aquifers is predominantly medium-coarse sandstones with a small amount of siltstone. There are extensive amounts of F- and silicate minerals in the rock stratum and the fractures are poorly developed. The deep groundwater has hydraulic conductivity from 0.002 to 0.016 m/d, and belongs to a weak water-rich aquifer. Unpolluted water aquifers principally have hydrochemical facies of Na-HCO3 and Na-HCO3-Cl. Deep groundwater is primarily recharged through precipitation infiltration and partially recharged through shallow groundwater leakages. Groundwater flows from south to north via sandstone fissures and mainly drains out through springs and burnt rocks aquifer.
The deep groundwater aquifer contains abundant coal reserves, and the recoverable coal seams consist of No. 1–2, 2–2, 3–1, 4–2, and 5–2 coal seams with an average thickness of 4–6 m (Xu et al., 2021; Zhang et al., 2021; Hao et al., 2022). The surface of the mining area is covered by scattered surface materials, sparse vegetation, a dry environment, and windblown sand, with a thickness of 20–50 m (Zhang et al., 2021). In the mining area, water erosion and wind erosion are widespread and intense, and soil and water loss are severe issues (Xiao et al., 2020). Agriculture is uncommon in the Shendong mine area, where psammophytes and xerophytes are the dominant ecological plants.
MATERIALS AND METHODS
Sample collection
A total of 35 deep groundwater samples were collected from drilling holes and monitoring wells in the dry (December 2020) and wet (August 2020) seasons (Figure 1). Before collection, brown ampoules were washed 2–3 times, first with distilled and then with sample water. The sample water was then filtered via 0.45 μm glass fiber membranes prior to collection. Two 500 ml samples were collected from each sampling location for cation and anion analyses. Meanwhile, 5.00 ml of F- recovery indicator (1.00 mg/L) was added to and mixed with the cation analysis sample. Total dissolved solids (TDS) and pH values were measured in situ.
Sample analysis
Calcium, magnesium, sodium, and potassium concentrations were measured using inductively coupled plasma-atomic emission spectrometry (ICP-OES; Agilent 7900, United States). The concentrations of F-, chloride, and sulfate were determined by ion chromatography (Dionex Integrion IC, Thermo Fisher, United States). Nitrates and ammonia-nitrogen were determined by spectrophotometry (Multiskan SkyHigh, United States). The concentrations of bicarbonate and carbonate were determined using acid-base titration. The pH and TDS values were obtained using a portable pH meter (HANNA H18424, Italy) and a portable electrical conductivity meter (HANNA H1833, Italy), respectively.
Each reported value was the average of three test results, with a relative standard deviation below 10%. The detection limit of bicarbonate and carbonate analyses was 0.1 mg/L, whereas all other ion analyses had a detection limit of 0.01 mg/L. Recovery rates of 95%–105% for F- concentration were determined. The absolute ionic balance errors of the analyzed water samples were generally around 5%. Moreover, approximately 20% of the water samples were randomly re-analyzed to ensure that the relative deviation qualification rate exceeded 90%.
Assessment of irrigation water quality
The quality of deep groundwater for irrigation was evaluated using the SAR and Na% methods.
The SAR and Na% were estimated using Eqs 1, 2:
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where each ion was measured in meq/L. Table 1 displays the classification statistics for the SAR and Na% irrigation suitability of deep groundwater.
TABLE 1 | The classification statistics of SAR and Na% irrigation suitability.
[image: Table 1]Statistical analysis
Origin 2021 software was used for data description and statistical analysis. Piper and Gibbs diagrams were used to elucidate the hydrogeochemical facies and processes. The spatial variance of F- in groundwater was evaluated using the inverse distance weight method within ArcGIS 9.3. The geochemical model PHREEQC was used to calculate the saturation index (SI) values to assess the degree of equilibrium between the water and minerals. The geochemical data for deep groundwater are contained in Table 2.
TABLE 2 | Geochemistry data in deep groundwater for wet and dry season.
[image: Table 2]RESULTS
Fluoride concentration of deep groundwater
The F- concentrations in deep groundwater ranged between 0.12 and 13.92 mg/L (mean: 4.40 ± 3.72 mg/L) in the wet season (Table 2). Approximately 65.71% of deep groundwater samples exhibited F- concentrations that exceeded the drinking water guidelines in China (i.e., 1.00 mg/L). Deep groundwater had higher F- concentrations during the dry season than those during the wet season, ranging from 0.20 to 17.58 mg/L (mean: 4.94 ± 4.18 mg/L). Notably, 74.29% of the deep groundwater samples had F- concentrations exceeding 1.00 mg/L. The mean F- concentration of deep groundwater during the dry season was 1.12 times that during the wet season, suggesting that inhabitants who consume this water face a greater risk of developing fluorosis during the dry season.
Considering the drinking water guidelines in China and the health risk of fluorosis (Toolabiet al., 2021; Hao et al., 2022), the deep groundwater samples were divided into four groups: below 1.00 mg/L (low-F- deep groundwater), 1.00–4.00 mg/L, 4.00–10.00 mg/L, and above 10.00 mg/L. All the F- concentrations recorded in deep groundwater that exceeded 1.00 mg/L were designated as high-F- deep groundwater. The range of F- concentrations for deep groundwater samples with below 1.00 mg/L, 1.00–4.00 mg/L and 4.00–10.00 mg/L were identical in both wet and dry seasons (Figure 2). Compared with wet season, the F- concentration was markedly increased in the deep groundwater with F- concentrations above 10.00 mg/L and the mean F- concentration was 1.21 times during the dry season, indicating that seasonal variation played a significant role in the enrichment of F- in deep groundwater samples with F- concentrations above 10.00 mg/L.
[image: Figure 2]FIGURE 2 | The percent boxplots of F- content during the wet and dry seasons.
The mapping of F- concentrations in deep groundwater revealed consistent spatial variations between the dry and wet seasons, with the fluoride concentrations of mine waters clearly increasing from the southeast to northwest (Figure 3). In particular, the Buertai mine area had the highest F- concentrations in deep groundwater, measuring 13.92 mg/L during the wet season and 17.58 mg/L during the dry season. The results were identical to the studies of the spatial distribution of mine water reported by Hao (2022) and Zhang (2021), indicating that the F- concentrations of deep groundwater may be significantly impacted by coal mining activities.
[image: Figure 3]FIGURE 3 | Distribution of F− content in deep groundwater samples of the studied areas (A) during the wet season; (B) during the dry season.
Geochemical characterization
As shown in Table 2, pH values of the deep groundwater in the Shendong mining area ranged from 7.02 (i.e., neutral) to 9.70 (i.e., alkaline), with a mean of 8.12 ± 0.58 in the wet season. Moreover, the pH values ranged from 7.05 to 8.50, with an average of 7.86 ± 0.45, in the dry season. TDS values of deep groundwater exceeded the acceptable limit for drinking water of 1000 mg/L by approximately 40.00% and 54.29% in the wet and dry seasons, respectively. The mean TDS concentration of deep groundwater during the dry season was higher than that during the wet season, indicating that the water-rock interaction process in deep groundwater was relatively stronger (Guo and Wang, 2005; Jakóbczyk-Karpierz et al., 2017; Hao et al., 2021a).
Deep groundwater samples in the study area were mainly located in the bottom right of the piper diagram, with the predominant hydrochemical types being the Na-HCO3-Cl (52.00%) and Na-HCO3-SO4 (28.00%) types in the wet season, and Na-HCO3-Cl (53.85%) and Na-HCO3-SO4 (30.77%) types in the dry season (Supplementary Figure S1). In addition, the high-F- deep groundwaters were either the Na-HCO3-Cl or Na-HCO3-SO4 types, with Na-types constituting the overwhelming majority. The low- F- deep groundwaters had various proportions of Ca-HCO3, Ca-SO4-Cl, Na-HCO3, and Na-HCO3-Cl types, with 56% Ca-type and 44% Na-type. The results demonstrated that the transition from Ca-types to Na-types was advantageous for the enrichment of F- concentrations in deep groundwater (Liu et al., 2021; Zhang et al., 2021).
Geochemical factors controlling fluoride in deep groundwater
Generally, understanding the relationship between F- and geochemical elements in deep groundwater is essential to gain deeper insight into fluoride behavior (Li et al., 2015; Laxmankumar et al., 2019; Liu et al., 2021; Toolabi et al., 2021).
In Figure 4, deep groundwater F- had a strongly negative correlation with Mg2+ (R2 = −0.66) and Ca2+ (R2 = −0.84), and a significantly positive correlation with pH (R2 = 0.82), Cl- (R2 = 0.85), Na+ (R2 = 0.72), TDS (R2 = 0.69), and NO3− (R2 = 0.74), in the dry season. However, high TDS (R2 = 0.86), Na+ (R2 = 0.77), Cl- (R2 = 0.68) and low Ca2+ (R2 = −0.87) concentrations were the primary limiting geochemical factors for F- during the wet season. Notably, the similar effect relationship between F- and Ca2+, Na+, TDS, and Cl- during both the dry and wet seasons indicated that Ca2+, Na+, TDS, and Cl- had a significant effect on F- concentrations in deep groundwater in the study area. However, the effect of pH, Mg2+, and NO3− on F- concentrations may have explained why F- content increased more during the dry season than during the wet season.
[image: Figure 4]FIGURE 4 | Relationships between F- content and the geochemical elements in deep groundwater during the wet and dry seasons.
DISCUSSION
As shown in Figure 5A, there was a significantly negative correlation between F- and Ca2+ during the wet and dry seasons in the Shendong mining area, indicating that the dissolution of F-bearing minerals was one of the major factors influencing the enrichment of F- in deep groundwater (Hao et al., 2021b; Chen et al., 2021; Noor et al., 2022). All deep groundwater samples collected during the wet and dry seasons were distributed towards the saturated dissolution line of fluorite (KSP = 10–10.6), further demonstrating that the dissolution of fluorite had a substantial effect on the appearance of high-F- deep groundwater. Therefore, as the Ca2+ content rapidly increased, the F- content would accelerate the reduction. The dissolution process of fluorite minerals was as follows:
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[image: Figure 5]FIGURE 5 | The plots of: (A) Ca2+ versus the F- content; (B) the boxplots of SI values of minerals during the wet season; (C) the boxplots of SI value of minerals during the dry season; (D) the SIfluorite versus the F- content in deep groundwater.
The geology of the study area, as defined by Zhao and Wei, 2020; Duan et al., 2021, includes extensive F-bearing minerals such as fluorite (CaF2), muscovite (KAl3(AlSi3O10)F2) and biotite (KMg3(AlSi3O10)F2) in the J1–2y stratum. Long-term water-rock interaction with F-bearing minerals inevitably increased enrichment of F- in deep groundwater. Although the F- concentration in deep groundwater was largely dependent on the rate and degree of fluorite dissolution, a precipitate state of calcium minerals such as calcite and dolomite could decrease Ca2+ concentrations and accelerate the promotion of F- concentrations (Li et al., 2018; Noor et al., 2022). The SI values of calcium minerals could provide a thorough explanation of this process. The proportions of low-F- deep groundwater samples showing negative SI values for calcite and dolomite were 55.56% and 55.56%, respectively, during both wet and dry seasons. However, the proportions of high-F- deep groundwater samples showing negative SI values were 11.54% and 15.38%, respectively, during both dry and wet seasons (Figure 5B). Moreover, all deep groundwater samples with F- concentrations above 10.00 mg/L were oversaturated with dolomite and calcite, demonstrating that the precipitation of dolomite and calcite can promote the dissolution of fluorite, resulting in an elevated F- content in deep groundwater owing to a low Ca2+ content (Rafique et al., 2015; Rashid et al., 2018; Thapa et al., 2018).
Similarly, as depicted in Figures 5B,C, the SI values of fluorite during the dry season ranged between -2.59 and 1.54, with a mean of -0.83, whereas the SI values of fluorite during the wet season ranged between -3.61 and 0.89, with a mean of -0.65. The proportions of all deep groundwater samples showing positive SIfluorite values were 17.14% and 14.29% during the wet and dry seasons, respectively. This indicated that the majority of fluorite in the study area was in an unsaturated state and tended to continue dissolving. The positive correlation identified between F- and SIfluorite (Figure 5D) were observed in both the wet and dry seasons for deep groundwater, further indicating that fluorite dissolution was the key driving agent for the elevation of F- concentrations (Eang et al., 2018; Wu et al., 2018).
Higher HCO3− concentrations and alkaline pH values promoted the release of F- into groundwater (Ali et al., 2018; Ali et al., 2019; Wang et al., 2021). It is well known that the concentration of HCO3− increases as the pH increases, hence the F−concentration in a constant pH (7.00–8.33) groundwater environment is often dominated by HCO3−. As shown in Table 2, 74.28% and 82.86% of deep groundwater samples had pH ranges of 7.00–8.33 during the wet and dry seasons, respectively. In this study, deep groundwater samples overall have a relatively lower average pH value during the dry season than that during the wet season, indicating higher F- concentration may have other sources in deep groundwater during the dry season. Correspondingly, the mean SO42- concentration (184.54 ± 178.56 mg/L) of deep groundwater during the wet season is less than that during the dry season in Table 2. A previous study (Hao et al., 2022) had showed that the oxidation of pyrite in a coal seam can generate SO42- concentration enrichment, and then prevent the precipitation of CaF2, promoting higher F- content in deep groundwater.
Previous studies had revealed that pH values of 7.40–9.60 can make the surface charge of the clay minerals (e.g., muscovite and biotite) neutral or slightly negative and inhibit the adsorption of negatively charged F- ions (Singh et al., 2011; Guo et al., 2012; Xiao et al., 2015). In addition, F- and OH- frequently replace each other on the mineral surfaces with similar ionic radii when the aqueous environment is favorable (Currell et al., 2011; Xiao et al., 2015). Compared to the wet season, the correlation between fluoride concentration and pH was positively stronger during the dry season (Figure 4), indicating pH played a significant role in F- concentration elevations during the dry season. Therefore, the OH- replaced the exchangeable F- on the surfaces of clay minerals throughout the dry season, increasing the F- concentrations in deep groundwater.
The process could be described by Eqs 4, 5:
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During the dry season, the observed relationship between F⁻ and HCO₃⁻ has a poor correlation (R2 = 0.16) in Figure 4, whereas competitive absorption was a contributing factor in F⁻ desorption in deep groundwater cannot be ignored. Ali et al. (2019) and Guo et al. (2012) confirmed that the presence of HCO₃⁻ would reduce the number of available absorbent sites and lead to the release of F⁻ from clay minerals, consequently increasing the F⁻ concentration in deep groundwater.
The poor correlation between F⁻ and HCO₃⁻ during the dry season.
There was a moderately positive correlation (R2 = 0.74) between F⁻ and NO₃⁻ during the dry season (Figure 4). Previous studies showed that groundwater with high F- concentrations typically had low NO3− concentrations (>5 mg/L) (Hao et al., 2021c; Li et al., 2021; Mwiathi et al., 2022). The presence of more than 5 mg/L NO₃⁻ in 36% of the high-F- deep groundwater indicated the impacts of anthropogenic activities such as fertilizer application and waste discharge from agricultural, domestic, and industrial sources (Ali et al., 2019; Su et al., 2021; Yadav et al., 2021). The highest observed deep groundwater NO₃⁻ concentration was 8.17 mg/L in the Buertai mining area. The entry of polluted mine water into the deep groundwater aquifer system promoted the enrichment of F⁻ concentrations via goaf fissures (Song et al., 2020; Zhang et al., 2021). The weak correlation (R2 = 0.19) between F⁻ and NO₃⁻ during the wet season further suggested that anthropogenic activities were not the main contributor to high F⁻ levels in deep groundwater.
F- positively correlated with Na+ during both dry and wet season in deep groundwater (Figure 4). Cation exchange between Ca2+ and Na+ was regarded as one of the primary sources of groundwater Na+; therefore, the relationship between Cl- - Na+ - K+ and HCO3− + SO42- - Ca2+ - Mg2+ was extensively used to determine the cation exchange process in deep groundwater (Li et al., 2015; Ali et al., 2019; Liu et al., 2021). As shown in Figure 6, most deep groundwater samples were distributed along the 1:1 line during both the dry and wet seasons, indicating that the cation exchange process had an important influence on the F- contents (Liu et al., 2021; Hao et al., 2022). Deep groundwater samples from both the wet and dry seasons were close to the 1:1 line and had high correlations with R2 of 0.80 and 0.84, respectively. This suggested that the ion exchange reaction was more intense during the wet season than during the dry season. The results may explain why the concentration of F- in deep groundwater was greater during the dry season than that during the wet season. The increase in Na+ and decrease in Ca2+ concentrations in deep groundwater are typically caused by cation exchange reactions. Clay minerals (e.g., illite and kaolinite) are plentiful in the J1–2y stratum, which contains abundant exchange sites for the displacement of Na+ by Ca2+. For convenience, the reaction process was represented by Eq. 6:
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[image: Figure 6]FIGURE 6 | The plots of: (A) Cl--Na+-K+ versus HCO3−+SO42−-Ca2+-Mg2+ during the wet season; (B) Cl--Na+-K+ versus HCO3−+SO42−-Ca2+-Mg2+ during the dry season; (C) CAI-1 versus CAI-2 during the wet and dry season in deep groundwater.
Therefore, as Ca-type water changed to Na-type water in the system, the Ca2+ concentration reduction accelerated the dissolution of fluorite and consequently released additional F- into deep groundwater.
Two chloroalkaline ion exchange indices (CAI) are also evaluated whether ion exchanges occurring between Na+ in the groundwater and Ca2+ in the stratum using the Eqs 7, 8. If both values of CAI 1 and CAI 2 are all positive, the Na+ in groundwater have been exchanged for Ca2+ in the stratum. In contrast, if both values of CAI 1 and CAI 2 are negative, the Ca2+ in groundwater have been exchanged by Na+ in the stratum. Moreover, the larger the absolute values of CAI, the stronger the ion exchange interaction (Li et al., 2015; Dehbandi et al., 2018; Hao et al., 2022).
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As shown in Figure 6C, 94.28% and 97.14% of the deep groundwater samples show negative CAI 1 and CAI 2 values during the wet and dry season, respectively, indicating the Ca2+ and Mg2+ in the deep groundwater have been exchanged by K+ and Na+ in the stratum and explaining F- enrichment in deep groundwater. In addition, the CAI 1 and CAI 2 absolute values of deep groundwater during the dry season was higher than that during the wet season, further implying that ion exchange interactions were more dominant. Thus, the cation exchange process primarily increases the F- concentration in deep groundwater during the dry season (Li et al., 2015; Hao et al., 2022).
The TDS values exhibited a positive correlation with F- in the study area during both dry and wet seasons (Figure 4D), indicating that an enhancement of ionic strength increased F- concentrations in deep groundwater (Dehbandi et al., 2018; Wu et al., 2018; Laxmankumar et al., 2019). Atmospheric precipitation, evaporation, and rock weathering can reflect hydrogeochemical processes in Gibbs diagrams. All high-F- deep groundwater samples from both the dry and wet seasons fell under rock weathering and evaporation dominance with medium to high TDS, high Na/(Na+Ca) and low Cl/(Cl+HCO3) ratios (Supplementary Figure S2), indicating that the rock weathering and evaporation processes were dominant geochemical factors for increasing the F- content in deep groundwater (Dehbandi et al., 2018; LaFayette et al., 2020; Hao et al., 2021d).
IRRIGATION WATER QUALITY
The irrigation water quality was thoroughly assessed and the results are presented in Figure 7. The United States salinity hazard diagram (Figure 7A) illustrated that 25.71%, 14.29%, 40.00%, and 5.71% of deep groundwater samples in the wet season fell in zones with low salinity and alkalinity, medium salinity and low and very high alkalinity, high salinity and very high alkalinity, and very high salinity and alkalinity, respectively. Similarly, 14.29%, 25.71%, 57.14%, and 2.86% of deep groundwater samples in the dry season were found in C1-S1, C2-S1-S2-S4, C3-S1-S2-S3-S4, and C4-S2 zones, indicating low salinity and alkalinity; medium salinity and low, medium, and very high alkalinity; high salinity and all alkalinity; and very high salinity and medium alkalinity, respectively.
[image: Figure 7]FIGURE 7 | The plots of: (A) USSL classification of irrigation quality; (B) Wilcox of irrigation groundwater quality in the study area.
Wilcox plots (Figure 7B) revealed that 100% and 88.89% of low-F- deep groundwater samples fell in the very good to good field during the wet and dry seasons, respectively, indicating that most low-F- deep groundwater samples had excellent irrigation water quality. However, 84.00% and 84.62% of high-F- deep groundwater samples fell in the doubtful to unsuitable and unsuitable fields during the wet and dry seasons, respectively. With increasing F- concentration, deep groundwater samples significantly diverged from suitable to unsuitable irrigation fields, indicating that F- concentration in deep groundwater was a key variable in determining ecological risk in the study area.
CONCLUSION
In this study, we highlighted F- contamination in deep groundwater in the vicinity of the Shendong mining area during the wet and dry seasons. A total of 65.71% (wet season) and 74.29% (dry season) of deep groundwater samples exhibited F- concentrations exceeding the limit set by the drinking water guideline in China (1.00 mg/L). In addition, the mean F- concentrations in deep groundwater were higher during the dry season than those during the wet season. The spatial distribution of F- in deep groundwater was stable during both dry and wet seasons, with a noticeable increase from southeast to northwest.
Several geochemical processes, including the dissolution and precipitation of F--bearing and calcium minerals, cation exchange, competitive adsorption, evaporation, and anthropogenic activities during both the wet and dry seasons, may have contributed to the F- enrichment of deep groundwater. Importantly, the precipitation of dolomite, cation exchange, competitive adsorption, and mining activities may have been the primary causes of the seasonal differences in F-- content.
The risk of high-F- deep groundwater to the ecological environment in the study area was assessed, and the results indicated that 100% and 88.89% of low-F- deep groundwater samples had excellent irrigation water quality during the wet and dry seasons, respectively. However, at the same time, 84.00% and 84.62% of high-F- deep groundwater samples were unsuitable for irrigation during the wet and dry seasons, respectively. The F- concentration in deep groundwater was a key influential variable for ecological risk in the study area. Therefore, it is essential to devise effective pretreatment methods of minimizing the risk of the deep groundwater fluoride such as ion exchange, membrane separation, electrodialysis, precipitation, reverse osmosis, and adsorption before ecological irrigation.
Despite F- enriched in deep groundwater during the wet and dry season, the influence of seasonal fluctuation of groundwater level on the formation of high fluoride water was not deeply discussed in the article. In addition, our findings are not assessed health risk for few rural residents and limited to promote the local govern management of deep groundwater resources within the study area. Hence, the studies will aid in the development of policies aimed at preventing high levels of F- in deep groundwater in the study area, to protect the ecological environment and gain a better understanding of the seasonal distribution and geochemical factors of F- in deep groundwater in the vicinity of the Shendong mining area.
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