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A B S T R A C T   

Mine water poses severe threats to the quality of the water supply and ecological environment of the Shendong 
mining areas owing to its excessive fluoride (F-) content. However, the geochemical behaviours and enrichment 
mechanisms responsible for F⁻ enrichment during mining activities are not fully understood. In total, 18 Yanan 
groundwater and 45 mine water samples were collected to analyse the spatial distribution, hydrogeochemical 
behaviours, and formation mechanisms related to elevated F- levels by analysing the stable isotopes and water- 
rock interactions. In this study, F- concentrations in mine water samples varied from 0.16 to 12.75 mg/L, with a 
mean value of 6.10 mg/L, and 77.78% of the mine water samples had a concentration that exceeded China’s 
national standards (1.00 mg/L) for drinking water. The F- concentration was markedly high in the mine water 
samples, with the mean F- concentration being 1.58 times of that in the Yanan groundwater samples. The results 
of stable isotopes (18OH2O, D, 34SSO4, and 18OSO4) and water-rock interaction analyses suggested that cation 
exchange and competitive effects were the dominant factors responsible for elevated F- concentration in mine 
water during mining activities. Thus, the weathering of F-bearing minerals, agriculture, and domestic activities 
do not play a significant role in the secondary enrichment of F- concentration.   

1. Introduction 

Fluorine (F) is one of the lightest halogen elements, and fluoride (F-) 
is an abundant trace element in the air, soil, and water (Ali et al., 2018; 
Dehbandi et al., 2018; Chen et al., 2021). F- is an important component 
of natural water and an essential element for life; however, its optimal 
concentration should be between that of beneficial intake and toxic 
exposure (Currell et al., 2011; Deng et al., 2011; Emenike et al., 2018). 
In children, F- exposure of 0.05–0.07 mg/kg body weight/day is optimal 
for dental health benefits (J. He et al., 2013; X. He et al., 2013; Aghapour 
et al., 2018; Kalpana et al., 2019). However, a high intake of F- (> 1.50 
mg/L) in drinking water for a prolonged period leads to diseases (Bat-
taleb et al., 2013; Rafique et al., 2015; Olaka et al., 2016). For example, 
ingestion of 1.50–5.00 mg/L, 5.00–10.00 mg/L, and > 10.00 mg/L of F- 

via drinking water may result in dental fluorosis (Aghapour et al., 2018; 
Toolabi et al., 2021), skeletal deformities (Goodarzi et al., 2017; Yousefi 
et al., 2018), arthritis, neurological disorders, thyroid disorders, cancer, 

infertility, and hypertension (Ali et al., 2019; Toolabi et al., 2021). 
Therefore, the World Health Organization (WHO) recommends an 
acceptable F- concentration of 1.50 mg/L (WHO, 1984; Mondal et al., 
2014; Olaka et al., 2016; Rashid et al., 2020). The maximum permissible 
F- concentration in China is 1.00 mg/L (Mao et al., 2016; Li et al., 2018; 
Wu et al., 2018). Groundwater is recognised as a major source of F– 

ingestion (Ali et al., 2019; Yadav et al., 2021). Approximately 200 
million individuals worldwide, especially those living in poor areas and 
developing countries, are supplied with water containing high concen-
trations of F- (Currell et al., 2011; Borzi et al., 2015; Emenike et al., 
2018; Thapa et al., 2018). 

The Shendong mining area is one of the eight largest coalfields in the 
world, and the largest coalfield in the northwestern arid area of China, 
with annual coal production of 200 million tons (Xiao et al., 2020; Xu 
et al., 2021). Owing to large-scale underground coal mining, approxi-
mately 31 million tons of mine water are produced (Zhang et al., 2021). 
Mine water is usually used for coal production, domestic drinking water, 
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and ecological restoration in the Shendong mining area (Zhang et al., 
2011; Gu et al., 2014; Gu et al., 2021; Hao et al., 2021a, 2021b). High-F- 

mine water (exceeding 1.00 mg/L) was found in several coal mines in 
the Shendong mining area (Hao et al., 2021a, 2021b; Zhang et al., 2021) 
severely threatening the water supply and ecological environment. 

Many studies describe the mechanisms and geochemical processes 
involved in the genesis of high-F- groundwater (Currell et al., 2011; 
Emenike et al., 2018; Li et al., 2018; Kumar et al., 2019). Enrichment of 
F- in groundwater primarily occurs through hydrolysis of natural min-
erals such as fluorite, fluorspar, fluorapatite, topaz, hornblende, tour-
maline, villianmite, amphiboles, mica, biotite, and muscovite (Jacks 
et al., 2005; Mondal et al., 2014; Dehbandi et al., 2018; Thapa et al., 
2018; Wu et al., 2018). In addition, evaporation, ion exchange, and 
competitive effects increase F- levels in groundwater (J. He et al., 2013; 
X. He et al., 2013; Olaka et al., 2016; Ali et al., 2019; Zhang et al., 2020; 
LaFayette et al., 2020; Hao et al., 2021a, 2021b; Toolabi et al., 2021; 
Yadav et al., 2021). Anthropogenic activities, such as the use of phos-
phate fertilisers and pesticides, aluminum smelting, glass and brick in-
dustries, coal combustion, mining activities, and semiconductor 
industries, also contribute a significant amount of F- to soil and 
groundwater (Li et al., 2018; Rashid et al., 2018; Ali et al., 2019). 
Numerous hydrogeochemical environments may affect the occurrence 
of F-in high-F- groundwater, such as water with low Ca2+, high Na+, 
alkaline pH, and Na-HCO3 type (J. He et al., 2013; X. He et al., 2013; 
Olaka et al., 2016; Abiye et al., 2018; Dehbandi et al., 2018; Knappett 

et al., 2018; Kumar et al., 2018). 
F- is considered a toxic element in coal (Zhang et al., 2016; Yadav 

et al., 2021). In the long term, abandoned and active coal mines may 
release F- into groundwater (Singh et al., 2011; Zhang et al., 2016; Yadav 
et al., 2021). Studies have found that the F- concentration in some mine 
waters have exceeded the Chinese drinking water standard (1.00 mg/L) 
(Yao, 2017; Gu et al., 2021; Zhang, Li et al., 2021). Although studies 
have been conducted on the spatial distribution and geochemical 
behaviour of F- in mine water in the Shendong mining areas (Hao et al., 
2021a, 2021b; Zhang et al., 2021), the sources and formation mecha-
nisms of high-F- mine water have received limited attention. Moreover, 
the impact of coal mining activities on F- concentrations in mine water 
remains unclear. 

Sulphur (34S) and other stable isotopes (18OH2O and D) are widely 
used to investigate environmental contamination problems in water, 
soil, and air in coal mines (Gammons et al., 2010, 2013; Wen et al., 
2016; Ayadi et al., 2018; Zhou et al., 2018). The 34SSO4 and 18OSO4 
isotopes are typically used as isotopic tracers for the source of sulfate in 
hydrogeological studies of mine water. In addition, since the migration 
of dissolved sulfate accompanies water flow, the 18OH2O and D isotopes 
of water can also be used as a water source tracer to identify hydro-
geological processes (Samborska and Halas, 2010; Xie et al., 2017; 
Temovski et al., 2018; Pingping et al., 2019). 

Therefore, the main objectives of this study were as follows: (1) to 
determine the abundance and spatial distribution of F- in the mine water 

Fig. 1. a) Location of the study area and sampling sites. b) Schematic hydrogeological cross-section.  
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of the Shendong mining area; (2) to evaluate the hydrogeochemical 
behaviours and formation mechanisms that elevate F- levels in mine 
water during mining activities; and (3) to study the hydrogeochemical 
processes of mine water at high F- concentrations using stable isotopes 
(34SSO4, 18OSO4,18OH2O, and D). This research will increase under-
standing of the hydrogeochemical processes and formation mechanisms 
of high-F- mine water during mining activities. In addition, this study 
will aid in the policy framework for sustainable management of mine 
water in the region. 

2. Regional geology and hydrogeology 

The Shendong mining area, located at the junction of Inner 
Mongolia, Shanxi, and Shaanxi Provinces, is the largest coalfield in 
China (Fig. 1a). Its geographical coordinates are 111◦04–111◦11 E and 
39◦20–39◦30 N. This mine covers an area of 3481 km2 in a mountain 
range, with an altitude of 800–1385 m above sea level. The climate in 
the study area is a typical warm-temperate and semi-arid continental 
monsoon climate with an average annual rainfall, evaporation, and 
temperature of approximately 437.2 mm, 2065.1 mm, and 9.9 ◦C, 
respectively (Hao et al., 2021a, 2021b). 

From bottom to top, the strata in the Shendong mining area mainly 
include the Yanchang Formation (T3y) of the Upper Triassic, Yanan 
Formation (J1–2y) of the Middle and Lower Jurassic, Zhiluo Formation 
(J2z) and Anding Formation (J2a) of the Middle Jurassic, Zhidan For-
mation(K1zh) of the Lower Cretaceous, Tertiary(N2), and Quaternary(Q), 
as shown in Fig. 1a (Xu et al., 2021; Zhang et al., 2021). Loose sediments 
are widely distributed in the region, and the soil type mainly includes 
aeolian sand and yellow loam soil, with a maximum thickness of 
20–50 m. 

The Shendong mining area is located on the slope belt of northern 
Shaanxi, which is a secondary structural unit of the Ordos Basin. The 
overall structure of the mining area is a monocline dipping towards the 
SW with a dip angle of 1–8◦. Faults are rare in the mining area (Xu et al., 
2021; Zhang et al., 2021). The study area has abundant coal reserves, 
and the recoverable coal seams include No.1− 2, 2− 2, 3− 1, 4− 2, and 5− 2 

coal seams (Xu et al., 2021). The burial depth of the coal seams varies 
from 60 to 400 m, and the average thickness of the coal seam is 
approximately 4–6 m (Hao et al., 2021a, 2021b; Zhang et al., 2021). 

The yield of groundwater in this area is relatively low and occurs 
primarily in the porous phreatic aquifers of the Quaternary and Meso-
zoic pore-fissure aquifers of the clasolite (Fig. 1b). The porous phreatic 
aquifers of the Salawusu Formation (Q3 s) in the upper Pleistocene of Q4 
and pore-fissure confined aquifers of J1–2y have high groundwater yield 
(Zhang et al., 2021). The pore-fissure confined aquifers of J1–2y mainly 
comprise medium-coarse sandstones with extensive F- and silicate 
minerals and the fractures are poorly developed (Zhang et al., 2021). 
These two aquifers also supply water for potable use in the Shendong 
mining area (Song et al., 2020; Hao et al., 2021a, 2021b; Zhang et al., 
2021). The Shendong mining area produces approximately 31 million 
tons of mine water annually, of which only 25% is used for domestic 
supply and irrigation(Song et al., 2020; Gu et al., 2021; Zhang et al., 
2021). 

3. Materials and methods 

3.1. Sample collection 

In September 2020, 18 Yanan groundwater samples and 45 mine 
water samples were collected (Fig. 1a). Yanan groundwater samples 
were collected from drilling holes (depths of 35–300 m), while mine 
water samples were collected from fissured pipelines in the J1–2y stratum 
and water reservoirs in underground coal mines. Before collection, the 
brown plastic sampling bottles were rinsed with distilled water two or 
three times and then rinsed with sample water two or three times. Three 
bottles of water were collected for each water sample: a 500 mL bottle 

for δ18OH2O and δD analysis, a 500 mL bottle for cation and anion 
concentration analysis, and a 5 L bottle for δ34SSO4 and δ18OSO4 analysis. 
All water samples were filtered using a 0.45 µm glass fibre membrane 
upon collection. 

3.2. Sample analysis 

The concentrations of major anions (F-, chloride, and sulfate) and 
cations (calcium, magnesium, sodium, and potassium) were determined 
using ion chromatography (Dionex Integrion IC, Thermo Fisher, USA). 
The concentrations of bicarbonate and carbonate were determined using 
acid-base titration. The pH and total dissolved solids (TDS) values were 
obtained from field measurements using a portable pH meter (HANNA 
H18424) and portable conductivity meter (HANNA H1833), 
respectively. 

For δ34SSO4 and δ18OSO4 analyses, SO4
2− was precipitated as BaSO4 

by adding a saturated BaCl2 solution with a pH value of less than 2.0, to 
prevent the formation of BaCO3. The resultant BaSO4 precipitates were 
purified using the diethylenetriaminepentaacetic acid (DTPA) dissolu-
tion and reprecipitation (DDARP) method (Bao, 2006; Wen et al., 2016; 
Li et al., 2020), rinsed several times with deionised water, and dried 12 h 
at 50 ◦C. 

The isotopic results are reported as δ18OH2O (or δD), as defined by the 
following equation (Craig, 1961):  

δ18OH2O (or δD) = [(Rsample/RV–SMOW) – 1] × 1000⋅                                  

Where Rsample is the 18OH2O/16OH2O or D/1H ratio of the sample, and RV- 

SMOW is 18OH2O/16OH2O or D/1H ratio of the standard (Gammons et al., 
2010; Ayadi et al., 2018). Samples were prepared following Epstein and 
Mayeda (1953) for δ18OH2O, Morrison et al. (2001) for δD, Carmody 
et al. (1998) for δ34SSO4, and Kornexl et al. (1999) for δ18OSO4. 

Water isotopes δD and δ18OH2O were determined using a Micromass 
MultiPrep equipped with a dual inlet and an isotope ratio mass spec-
trometer (IRMS) (Institute of Hydrogeology and Geology, Chinese 
Academy of Geological Sciences). The analytical uncertainties of the 
data obtained using this instrument were ± 0.1‰ for δ18OH2O and 
± 1‰ for δD. Moreover, δ34SSO4 and δ18OSO4 values were determined 
using a Micromass IsoPrime stable IRMS (China University of Geo-
sciences), with analytical precisions of ± 0.2‰ and ± 0.4‰, 
respectively. 

3.3. Analytical quality control 

Experimental samples were immediately stored in ice-packed coolers 
after collection and shipped to a laboratory, where they were stored at 
2 ◦C. Ten percent of the samples submitted for analysis were replicates. 
All analyses were performed in triplicate. Each reported value is the 
average of three test results, with a relative standard deviation below 
10%. The detection limit of bicarbonate and carbonate analysis was 
0.1 mg/L, and 0.01 mg/L for other ion analyses. The analytical precision 
of the ion concentrations was verified by calculating the ionic balance 
error. The absolute ionic balance errors of the water samples were below 
5%. Twenty percent of the water samples were re-analysed, and the 
error between the two results was less than 10%. 

3.4. Statistical analysis 

The Origin 2021 software was used to perform descriptive statistical 
analyses and to determine correlation relationships. Piper and Gibbs 
diagrams were used to elucidate the hydrogeochemical facies and pro-
cesses. The spatial variation of F- was evaluated using a spatial analyst 
module in ArcGIS 9.3 software (ESRI, Redlands, California, USA). 
Descriptive data, such as the mean, range, and standard deviation, are 
shown in Table 1. 
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4. Results 

4.1. Geochemical characterisation 

The results for basic geochemical parameters such as pH, TDS, F⁻, 
and major ions in different water samples in the Shendong mining area 
are shown in Table 1. Of the total, 95.56% mine water and 100% Yanan 
groundwater samples were from a low-alkaline environment. The TDS 
level exceeded the acceptable limit for drinking water of 1000 mg/L in 
62.22% and 27.78% of Yanan groundwater and mine water samples, 
respectively (Wang et al., 2018; Hao et al., 2020a, 2020b; Chen et al., 
2021). The mean TDS concentration of mine water was higher than that 
of Yanan groundwater. 

Mine water is predominately the Na-SO4-Cl (80.00%), Na-HCO3 
(13.33%), and Ca-HCO3 (6.67%) type, and Yanan groundwater is the 
Na-HCO3 (50.00%), Ca-HCO3 (27.78%), and Na-SO4-Cl (22.22%) type, 
as shown in Fig. 2. 

4.2. F- geochemistry 

The concentration of F- varies from 0.16 to 12.75 mg/L with a mean 
value of 6.10 mg/L in mine water. It was observed that 77.78% of mine 
water samples exceeded the national standards of China (1.00 mg/L) for 
drinking water (J. He et al., 2013; X. He et al., 2013; Hao et al., 2021a, 
2021b). This result suggests that inhabitants who drink this water may 
be at risk of fluorosis. 

The mapping of F- concentrations revealed a high spatial variability 
within the study area (Fig. 1). Water samples from the Buetai and 
Cuncaota No. 2 mines in the northwest of the Shendong mining area had 
higher F- concentrations than coal mines in the southeast (e.g. Halagou, 
Daliuta, and Shangwan mines). Compared with the Yanan groundwater, 
the F- concentration was markedly increased in the mine water (Fig. 3b); 
the mean F- concentration was 1.58 times of that of the Yanan ground-
water. These results suggest that mining activities may contribute to 
increased F- concentrations in mine water (Hao et al., 2021a, 2021b; 
Zhang et al., 2021). Coal mining activities may generate O2, CO2, and 
large quantities of dissolved coal and coal gangue in mine water, leading 
to the oxidation of pyrite in an oxidising environment and HCO3

−

Table 1 
Geochemistry data in different water of Shendong mining area.  

Types Na+ K+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- F- NO3
- TDS pH δD δ18OH2O δ34SSO4 δ18OSO4 

mg/L ‰  

Mine water (n = 45)  
Max 989.0 12.0 84.9 31.6 483.0 1114.0 1524 12.75 8.2 2967 8.5 -60 -7.6 16.8 11.3 
Min 8.9 0.1 0.8 0.6 5.7 6.6 159 0.16 ＜0.01 186 6.2 -86 -10.6 -0.4 1.2 
Mean 459.7 4.5 25.4 8.7 266.3 208.1 708 6.10 1.6 1307 7.9 -71 -8.9 8.0 4.0 
SD 274.1 3.2 25.9 8.3 144.5 254.1 379 3.76 2.1 677 0.6 7 0.8 4.0 2.4 
Yanan groundwater (n = 18)  
Max 1745.0 10.0 80.5 57.6 1069.0 988.0 1345 17.60 4.4 5077 9.7 -65 -8.1 5.0 5.8 
Min 10.8 0.3 0.9 0.4 5.5 3.7 131 0.01 ＜0.01 195 7.0 -86 -10.6 1.3 1.9 
Mean 342.1 3.2 32.6 11.9 177.3 194.6 414 3.86 1.0 1119 8.2 -71 -8.9 3.8 3.2 
SD 410.9 2.3 26.7 15.2 248.4 384.0 319 4.86 1.0 1250 0.7 8 0.9 1.4 1.5  

Fig. 2. Piper diagram representing groundwater facies of the study area.  
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enrichment (Zhang et al., 2021). Therefore, the mean SO4
2- and HCO3

−

concentrations were higher in the mine water enrichment than in the 
Yanan groundwater (Table 1). 

Based on the Chinese national standards for drinking water and 
concentration risk of fluorosis, the mine water samples were divided into 
four groups: < 1.00 mg/L (low-F- mine water), 1.00–5.00 mg/L, 
5.00–10.00 mg/L, and > 10.00 mg/L. Where the F- concentration is 
higher than 1.00 mg/L, this is referred to as high-F- mine water. Most of 
the high-F- mine water samples also contained greater than 1000 mg/L 
TDS (Table 1), indicating more complex water-rock interactions in high- 
F- mine water (Li et al., 2016; Salcedo Sánchez et al., 2017; Palma et al., 

2019). 
There was a clear relationship between the F- concentration and 

depth (Fig. 3a). High-F- mine water samples from fissured pipelines in 
the J1–2y stratum and water reservoirs in underground coal mines were 
collected at a depth of 150–350 m. In contrast, low-F- mine water 
samples were collected from a depth of 50–150 m, where the ground-
water flow is generally slow owing to a low hydraulic gradient (Zhang 
et al., 2021). The slow flow and a low hydraulic gradient support F- 

enrichment in mine water (J. He et al., 2013; X. He et al., 2013). Mine 
water samples with F- concentrations above 10.00 mg/L were of the 
Na-SO4-Cl type of water. The mine water samples with F- concentrations 

Fig. 3. The boxplots of: a) Variation in F- concentration in mine water with depth of coal seam; and b) Comparison of F- distribution in different water types in the 
Shendong mining area. 
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between 1.00 mg/L and 5.00 mg/L and between 5.00 mg/L and 
10.00 mg/L were of the Na-SO4-Cl and Na-HCO3 water type, respec-
tively, with the Na-HCO3 water type accounting for a relatively larger 
proportion (77.78%). In contrast, low-F- mine water samples (F- con-
centration below 1.00 mg/L) were Ca-HCO3, Na-HCO3, and Na-SO4-Cl 
types (Fig. 2). 

4.3. Hydrogen and oxygen isotopic characteristics 

As shown in Table 1, the δ18OH2O and δD content of the mine water 
samples ranged from − 10.6‰ to − 7.6‰ [mean − 8.9 ± 0.8‰, stan-
dard mean ocean water (SMOW)], and from − 86‰ to − 60‰ (mean 
− 71 ± 7‰, SMOW), respectively. As shown in Fig.S1, mine water 
samples lie below and to the right of the local meteoric water line 
(LMWL: δD = 6.8 × δ18OH2O-0.4, Liu., 2018 and Guo et al., 2021, 
from139 groups of isotopic statistics data for precipitation in the Ordos 
Basin) and the global meteoric water line (GMWL: δD = 8.0 × δ18OH2O +

10.0, Craig. H. 1961). Almost 94.12% of mine water samples appeared 
below the LMWL, probably owing to evaporation effects (Gammons 
et al., 2006; Wen et al., 2016; Hao et al., 2019). A total of 87.50% of 
Yanan groundwater and 88.89% of mine water samples were plotted 
together with similar δ18OH2O and δD values, indicating that the Yanan 
groundwater and mine water samples have the same water source (Yan 
et al., 2020; Hao et al., 2021a, 2021b; Zhang et al., 2021). The results 
confirm that the mine water originates from the Yanan groundwater. In 
addition, the Yanan groundwater samples plotted in the δ18OH2O and δD 
diagrams between − 86‰ and − 65‰ for δ18OH2O and between 
− 10.6‰ and − 8.1‰ for δD in the local recharge of the precipitation 
value range (δ18OH2O: − 153.4‰～− 5.1‰ and δD: − 13.6‰～− 4.8‰ 
from Liu, 2008 and Guo et al., 2021) and suggest that the Yanan 
groundwater is of meteoric origin. The δD and δ18OH2O values of high-F- 

mine water were relatively poorer than those in low-F- mine water, 
indicating high-F- mine water samples have more intense water-rock 
interactions (e.g. the dissolution of F-bearing minerals) (Guo et al., 
2021). 

The mine water samples fell in the Na-SO4-Cl type (80.00% of the 
total samples) and Na-HCO3 type (13.33% of the total samples) (Fig. 2). 
In contrast, 50.00% and 27.78% of the Yanan groundwater samples 
were the Na-SO4-Cl type and Na-HCO3 type, respectively. From the plot, 
most mine water samples transformed gradually from the Na-HCO3 type 
to the Na-SO4-Cl type with increasing F- concentration. Moreover, the 
chemistry of mine water is similar to that of Yanan groundwater 
(Table 1) and combined with local hydrogeological conditions indicate 
that Yanan groundwater is the main recharge source of high-F- mine 
water (Guo et al., 2021; Hao et al., 2021a, 2021b). It should be with 
regret that the recharge source for mine water is merely discussed with 
Yanan water, and other recharge sources (i.e. precipitation) were not 
considered in this study. 

5. Discussion 

5.1. Dissolution/precipitation process 

The plot of water samples on the Gibbs diagram (Fig.S2a), which is 
used to determine the mechanisms that control water geochemistry, 
revealed that water geochemistry is influenced by precipitation and 
mineral dissolution (Gibbs, 1970; Dehbandi et al., 2018; Ali et al., 2019). 
Usually, in Gibb’s diagram, the evaporation/precipitation effect has a 
TDS value above 10,000 mg/L and a Na+/(Na+ + Ca2+) value of 
approximately 1.0. The rain dissolution dominance field, located at the 
lower right of the diagram, has low TDS and Na+/(Na+ + Ca2+). 

Results indicate that the geochemistry of mine water in the Shendong 
mining area is controlled by rock weathering and evaporation/precipi-
tation processes. With an increase in F- concentration above 1.00 mg/L 
concentration, the mine water samples moved horizontally to the right 
in the diagram along the rock weathering zone. Na+/(Na+ + Ca2+) 

values increased and tended to reach 1.0, and TDS values also increased, 
indicating that high-F- mine water has higher intensity water-rock in-
teractions (Rashid et al., 2018; Thapa et al., 2018; Hao et al., 2021a, 
2021b). Generally, mine water contains large quantities of dissolved 
coal and coal gangue from mining activities, thereby enhancing the 
water-rock interaction process. 

Yanan groundwater samples have similar values of Na+/(Na+ +

Ca2+) and TDS as the mine water samples (Fig.S2a), indicating similar 
rock weathering and evaporation/precipitation processes. This suggests 
that rock weathering and evaporation/precipitation processes were not 
the major factors for the elevation of F- in mine water. 

Previous studies found extensive F- minerals such as fluorite (CaF2), 
phosphorite (Ca5(PO4)3F), and diorite (NaCa2(Mg,Fe,Al)5(Al,Si)8O22F2) 
in the J1–2y stratum of the Shendong mining area (Zhao and Wei, 2020; 
Duan et al., 2021), comprising predominately medium-grained and silty 
sandstones. The average F- content in the coals of the Shendong mining 
area is 803.5 mg/kg, with an average soluble F content of 4.10–9.45% 
(Zhao and Wei, 2020). 

The common weathering reaction for fluorite (CaF2) is simple 
dissolution, resulting in a Ca2+: F- equivalence ratio of 1:2, as shown in 
Fig. S2b and Eq. (1):  

CaF2 + H2O + CO2(g) → CaCO3 + 2 F− + 2 H+ (1) 

In the diorite weathering reaction, the equivalence ratio of Ca2+: F- is 
maintained at 1:1, as shown in Fig.S2b and Eq. (2).  

NaCa2(Mg,Fe,Al)5 (Al,Si)8O22F2 + 2OH- →NaCa2(Mg,Fe,Al)5 (Al, 
Si)8O22(OH)2 + 2 F-                                                                        (2) 

In the pure phosphorite dissolving reaction, the equivalence ratio of 
Ca2+: F- was maintained at 5:1, as shown in Fig.S2b and Eq. (3):  

Ca5(PO4)3F + OH- → Ca5(PO4)3(OH) + F-                                         (3) 

As shown in Fig.S2b, Yanan water samples were distributed from the 
phosphorite dissolution line to the diorite dissolution line, accompanied 
by increased F-concentration from below 1.00 mg/L to above 10.00 mg/ 
L. This provides strong evidence that the dissolution of fluorite and 
diorite minerals is the key factor that increases the F⁻ concentration in 
the Yanan groundwater. 

Similar to the Yanan groundwater, the mine water samples were 
scattered from the phosphorite dissolution line to the diorite dissolution 
line, suggesting that dissolution of F-bearing minerals had a minor in-
fluence on the elevated F- concentration in mine water. 

5.2. Ion exchange process 

Generally, two chloroalkaline ion exchange (CAI) indices are used to 
evaluate the influence of ion exchange and reverse ion exchange on the 
geochemical composition of groundwater (Schoeller, 1965; J. He et al., 
2013; X. He et al., 2013; Kaur et al., 2019). Schoeller (1965) defined two 
chloroalkaline ion-exchange indices as follows:  

CAI 1 = [Cl-(Na + k)]/Cl                                                                 (4)  

CAI 2 = [Cl-(Na + k)]/(HCO3 + CO3 + NO3)                                    (5) 

A positive CAI indicates that Na+ and K+ present in water were 
exchanged with Ca2+ and Mg2+ during contact with the aquifer mate-
rial, representing the reverse ion exchange process, whereas a negative 
CAI implies that Ca2+ and Mg2+ in groundwater were exchanged with 
K+ and Na+, representing ion exchange. In addition, the larger the ab-
solute values of CAI 1 and CAI 2, the stronger the ion-exchange inter-
action (Wang et al., 2015; Kaur et al., 2019). A CAI value of 0 indicates 
that ion exchange did not occur during groundwater formation. In  
Fig. 4a, 100% of mine water and 88.89% of Yanan groundwater samples 
show negative CAI 1 and CAI 2 values, implying that Ca2+ and Mg2+ in 
the Yanan groundwater and mine water were exchanged with Na+ and 
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Fig. 4. Plots of: a) CAI 1 versus CAI 2; b) (Ca2+ + Mg2+-SO4
2- - HCO3

-) versus (Na+ + K+ - Cl-), and c) HCO3
-/Na+ versus Ca2+/Na+ of the Shendong Mine 

water samples. 
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K+ in the surrounding aquifer material. Firstly, the increased Na+ and 
K+ concentrations reduce the repulsive potential between the positively 
charged hydroxide surface and the negatively charged anions at alkaline 
pH, facilitating F− desorption into mine water (Li et al., 2015). Secondly, 
lower Ca2+ conditions favoured fluorite dissolution, which increased the 
concentration of F− in the mine water. The more rapid the decrease in 
Ca2+ concentration, the greater the increase in F- concentration 
(LaFayette et al., 2020; Hao et al., 2021a, 2021b). Moreover, the CAI 
value of mine water was higher than that of the Yanan groundwater, 
indicating that ion-exchange interactions were more dominant in mine 
water. Thus, the cation exchange process primarily increases the F- 

concentration in mine water. 
Of the mine water samples, 82.22% were saturated or over-saturated 

with calcite and dolomite as shown in Fig.S3a–c. The saturation of 
calcite and dolomite reduces the Ca2+ and Mg2+ concentrations of mine 
water and accelerates the dissolution of fluorite, increasing the F- con-
centration. The saturation indices (SI) of the halite are less than 0 (Fig. 
S3d), indicating that the halite was unsaturated and promoted more Na+

and K+ enrichment in mine water. The F- concentration is positively 
correlated with the saturation coefficient SI of fluorite (Fig.S3e). The 
higher the F- concentration, the stronger the SI of fluorite, which in-
dicates that the dissolution of F-bearing minerals (such as fluorite) 
contributes significantly to the F- concentration in mine water (Wang 
et al., 2015; Kaur et al., 2019). For gypsum, the SI is negative (Fig.S3f), 
indicating that the gypsum mineral is under-saturated and dissolution 
will occur. (Ca2+ + Mg2+ – HCO3

- - SO4
2-) versus (Na+ + K+ – Cl-) was 

Fig. 5. The plots of: a) SO4
2- versus the F- concentration; and b) Relationship between δ34S (SO4

2-) and the inverse of SO4
2- for samples collected in the Shendong 

mining area. 
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identified as further evidence of cation exchange (Fig. 4b). When the 
relationship between the two parameters is linear, with a slope of − 1, 
cation exchange is a driving process(Kim et al., 2004; Gao et al., 2009; 
Kaur et al., 2019). 

As shown in Figs. 4b, 50.00% of the Yanan groundwater and 71.11% 
of the mine water samples were distributed around a line with a slope of 
− 1, further indicating that cation exchange is the main potential source 
of Na+ in the groundwater. Owing to the positive cation exchange re-
action, Na+ from the surrounding aquifer material is gradually released 
into the mine water, while the Ca2+ concentration gradually decreases. 
The absolute values of (Ca2+ + Mg2+–HCO3

—SO4
2-) and (Na++K+–Cl-) 

in the mine water were greater than those in the Yanan groundwater, 
indicating that more Ca2+ was exchanged with Na+ and K+. This could 
strengthen the free migration ability of F− in mine water (Yan et al., 
2020). Fig. 4c shows that high-F- mine water samples are located around 
the silicate weathering field, indicating that the dominant mineral in the 
weathering process of mine water is silicate. Moreover, (Na+ + K+) and 
HCO3

- display a positive correlation with F− in mine water (R2 = 0.57 in 
Fig.S2d and R2 = 0.43 in Fig.S5). This suggests that weathering reactions 
of silicate rocks (i.e.muscovite and biotites) could lead to simultaneous 
F-, Na+, and K+ enrichment when excess CO2 is released into the mine 
water through mining activities (Rashid et al., 2020; Dehbandi et al., 
2018; Li et al., 2018). The process can be described by Eqs. (6) and (7), 
as follows:  

KAl3Si3O10(OH-F)2 + CO2 + 2.5H2O→1.5Al2Si2O5(OH)4 + K+ + 2F- +

HCO3
-                                                                                           (6)  

NaMg3AlSi3O10(OH- F)2 + 7CO2 + 7.5H2O→0.5Al2SiO5(OH)4 + Na+ +

3Mg2+ + 2F- + 2 H4SiO4 + 7HCO3
-                                                  (7) 

High concentrations of sulfate in mine water have positive re-
lationships with F- (Fig. 5a), suggesting a significant effect of salinity on 
F⁻ levels (Emenike et al., 2018; Li et al., 2018). Sulphur and oxygen 
isotopic geochemistry are useful in tracing and interpreting the forma-
tion of sulfate (Sun et al., 2017; Nariyan et al., 2018; Zhou et al., 2018; 
Kim et al., 2019). According to the literature, there are several different 
sources of sulfate in mine water, including atmosphere precipitation, 
sulfate mineral dissolution (i.e.gypsum), bacterial sulfate reduction, and 
oxidization of sulfate minerals(i.e.pyrite) (Samborska and Halas, 2010; 
Gammons et al., 2013; Zhou et al., 2018; Kim et al., 2019). The δ34SSO4 
in mine water is stable in the range of − 0.4–16.8‰ (Table 1) and lies 
above the approximate range (slopes of lines from Gammons et al., 
2013) of bacterial sulfate reduction during kinetic isotopic fractionation 
(Fig. S4a). There is little evidence for the influence of bacterial sulfate 
reduction on the isotopic composition of dissolved SO4

2-(Zhou et al., 
2018). 

As shown in Fig. 5b, the δ34SSO4 in the mine water samples falls 
between the pyrite oxidation field and gypsum dissolution field, but far 
from the atmospheric precipitation field, suggesting that pyrite oxida-
tion and gypsum dissolution are the main sources of SO4

2- enrichment in 
mine water. When the F- concentration is 5.00–10.00 mg/L and above 
10.00 mg/L, the mine water samples scatter significantly deviate from 
the gypsum dissolution line (Fig.S4c), implying the influence of pyrite 
oxidisation and higher SO4

2- mean concentrations compared with Yanan 
groundwater samples (Table 1). 

The δ34SSO4 value in mine water changes slightly with depth (Fig. 
S4b), which indicates that the water is oxide water (Zhou et al., 2018). In 
this study, the total sulphur content in the coals of the Shendong mining 
area is generally 0.2–0.8% (mean 0.4%), mainly comprising pyrite 
sulphur (Zhang et al., 2021). When O2 enters the coal seam and mine 
water during coal mining activities, pyrite in the coal seam generates 
SO4

2− , owing to oxidation potential (Kefeni et al., 2017; Ghosh et al., 
2018; Kim et al., 2019). In addition,97.78% of mine water had a weakly 
alkaline pH, which was influenced by carbonates that provided suffi-
cient pH buffering ability (Gammons et al., 2013; Wen et al., 2016). The 
mean HCO3

- concentration in mine water was significantly higher than 

in the Yanan groundwater (Table 1), pointing to the involvement of 
carbonate minerals in the geochemical processes. 

The average value of δ34SSO4 in mine water was 8.0‰, which is much 
lower than that of the Yanan groundwater (Table 1), suggesting a 
different source of SO4

2-. Compared with the Yanan groundwater sam-
ples, the δ34SSO4 value of mine water samples shifts to the pyrite oxi-
disation field (especially for F- concentration between 5.00 mg/L and 
10.00 mg/L and above 10.00 mg/L). Thus, pyrite oxidation played a 
more important role as a source of SO4

2-, as the mean F- concentration in 
the mine water was markedly higher than that in the Yanan ground-
water (Fig. 3b and Table 1). 

The process may be described by Eqs. (8)-(10) as follows:  

FeS2+7/2O2 + H2O →Fe2+ + 2SO4
2-+ 2H+ (8)  

Ca2+ + SO4
2- + 2H2O → CaSO4⋅2H2O                                              (9)  

CaSO4⋅2H2O + 2F- → CaF2 + SO4
2- + 2H2O                                   (10) 

The solubility of calcium fluoride (Ksp[CaF2] = 5.3 × 10− 9) is 
considerably lower than that of calcium sulfate (Ksp[CaSO4•2 H2O] =
3.1 × 10− 5) (Shao et al., 2021). Thus, excessive sulfate inhibits the 
precipitation of calcium sulfate. Based on Eqs. (8) and (10), the oxida-
tive dissolution of FeS2 generates SO4

2-, and increasing SO4
2-concen-

trations will cause a leftward shift in the equilibrium [Eq. (10)] leading 
to an increase in F- concentration in mine water. The result confirms that 
the SI mean values of fluorite in mine water (mean:− 0.86) were slightly 
stronger than that in Yanan groundwater(mean:− 1.01) (Fig.S3e). 
Therefore, the elevated SO4

2-concentrations will help to reduce the 
concentration of Ca2+ and to lower down the SI value of fluorite, 
resulting in higher levels of F-in mine water compared with Yanan 
groundwater (Gao et al., 2007; Li et al., 2018). 

5.3. Competitive effect 

In an alkaline environment, HCO3
- and OH- in groundwater compete 

with clay minerals for F- anions (Guo et al., 2012; Ali et al., 2019). The F- 

concentration in the mine water showed an increasing trend with HCO3
-, 

as shown in Fig. S5. F- is slightly positively related to pH (from 7.5 to 
8.5), as shown in Fig S2c, which indicates that alkaline environmental 
conditions can elevate the F-concentration in mine water. Samples with 
F- concentrations between 5.00 mg/L and 10.00 mg/L and above 
10.00 mg/L samples fall near the pH = 8.33 line, indicating higher 
HCO3

- content. In the mine water, the HCO3
− concentration is higher 

than that of Yanan groundwater due to higher CO2 levels. This suggests 
that the competitive effect increased in mine water and significantly 
elevated the F- concentration (Fig. S5). Alkaline environmental condi-
tions increase the positive charge of sorbents on mineral surfaces, and 
F-desorption occurs (Guo et al., 2012; Li et al., 2018). However, 
oxy-hydroxides of Al, Fe, and clay minerals may act as F- adsorbents. The 
formation of F on mineral surfaces is vital to groundwater F- enrichment 
during the competitive effect process. Therefore, further studies are 
required to determine the form of F release in mine water. Excess OH- 

can accelerate the weathering of F-bearing minerals such as diorite or 
phosphorite, enhancing F⁻ solubility in mine water (Ali et al., 2019). 

5.4. Agricultural and domestic activities 

High levels of nitrate (NO3
-) are considered indicative of agricultural 

activities, such as application of fertilisers (i.e. urea) or generation of 
animal wastes (i.e. manure), and domestic activities (Sharma and Sub-
ramanian, 2008; Ali et al., 2019). The pollution limit for NO3

- is 5 mg/L 
(Heaton, 1986; Li et al., 2018; Hao et al., 2021a, 2021b). As shown in 
Fig. S6b, for the mine water samples with F- concentration between 
5.00 mg/L and 10.00 mg/L and above 10.00 mg/L, the correlation be-
tween NO3

- and F- is insignificant, which indicates agriculture and do-
mestic activities are not key factors for F- enrichment in mine water. 
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Untreated irrigation effluent, synthetic fertilisers, and runoff from 
surrounding agricultural fields can infiltrate the mine water through 
goaf fissures (Ali et al., 2018; Li et al., 2021; Su et al., 2021). The 
enrichment of F- in mine water is facilitated by the direct input of F-. 
Gaseous and particulate F- emissions from coal dust are an important 
source of atmospheric F pollution in the study area (Zhong et al., 2017; 
Yadav et al., 2021; Zango et al., 2021). Meanwhile, F in mine water 
originates from domestic sewage and waste. However, the similarly 
weak correlation between the values of NO3

- and Cl- and between NO3- 
and F- concentration in mine water and Yanan mine water indicates that 
agriculture and domestic activities had minimal impact on the further 
enrichment of F- in mine water (Ali et al., 2019; Hao et al., 2021a, 
2021b). 

5.5. Formation mechanisms that increase F- levels in mine water 

A schematic diagram demonstrating F- enrichment in Shendong mine 
water is shown in Fig. 6. The F- from Yanan groundwater is initially 
mobilised through coal mining activities. When O2, CO2, and large 
quantities of coal and coal gangue are dissolved in mine water, a cation 
exchange process, such as silicate weathering, occurs and induces a 
decrease in Ca2+ concentration, leading to the dominance of Na+ and K+

ions in the mine water. The reduced Ca2+ concentration promotes the 
leaching of F- from F-bearing minerals (i.e. fluorite, phosphorite, and 
diorite) into the mine water. Meanwhile, the increased Na+ and K+

concentrations reduce the repulsive potential between the positively 
charged hydroxide surface and the negatively charged anions at alkaline 
pH, facilitating further F− desorption into the mine water. 

The oxidation of pyrite in a coal seam under an oxidising environ-
ment leads to SO4

2- concentration enrichment in mine water during 
mining activities. Increasing SO4

2-concentrations prevent the precipi-
tation of CaF2, leading to higher F- solubility in mine water than in 
Yanan groundwater. Furthermore, an increase in HCO3

− concentration 
also contributes to the elevated F- concentration. Firstly, the presence of 
HCO3

− can reduce the available adsorption sites of the sorbents, 

resulting in the release of exchangeable F-. Secondly, the presence of 
HCO3

− could promote the weathering dissolution of F-bearing minerals, 
leading to F- enrichment in mine water. As such, agriculture, and do-
mestic activities do not influence the F- concentration in mine water 
mining activities. 

6. Conclusions 

This study was carried out to investigate mine water, and our find-
ings revealed the spatial distribution, hydrogeochemical behaviours, 
and formation mechanisms of F- concentrations in mine water during 
mining activities. 

In this study, the concentration of F- varies from 0.16 to 12.75 mg/L 
with a mean value of 6.10 mg/L in mine water, and 77.78% of the mine 
water samples had a concentration that exceeded that of the national 
standards of China (1.00 mg/L) for drinking water. In the Shendong 
mining area, water samples from coal mines in the northwest had higher 
F- concentrations than those from other coal mines in the southeast. 
With similar δ18OH2O and δD values, the mine water originated from the 
Yanan groundwater, however, the F- concentration increased further in 
mine water, with the mean F- concentration being 1.58 times of that in 
Yanan groundwater. 

O2, CO2, and large quantities of coal and coal gangue are mixed in 
the mine water during mining activities. Thus, cation exchange and 
competitive effects seem to be the dominant factors controlling the 
further increase of F- concentration in mine water. Pyrite oxidation 
generates more SO4

2-, which causes more Ca2+ decrease in mine water, 
leading to a greater increase in the F- concentration than in the Yanan 
groundwater. 

Furthermore, high HCO3
− , Na+, and K+ concentrations reduce the 

available adsorption sites of exchangeable F- at alkaline pH and promote 
the weathering dissolution of F-bearing minerals, leading to more F- 

release into mine water. Thus, the weathering of F-bearing minerals, 
agriculture, and domestic activities do not play a significant role in 
controlling the secondary enrichment of F- concentration in mine water. 

Fig. 6. Mechanism of formation of high-F- mine water.  
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This research will aid in improving the understanding of the geochem-
ical behaviour of F- in mine water during mining activities and provide 
useful insights for the sustainable management of mine water resources 
and the safety of drinking water within the study area. 
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