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Underground coal mining produces large amounts of mine water annually in the Shendong mining area of China.
Due to the severe scarcity of water resources, mine water is extensively used for productive, domestic, and
ecological demands. However, mine water exhibits high fluoride levels. For water-use security, reduction of
fluoride exposure and environmental protection, knowledge of sources and geochemical controls of fluoride
enrichment in mine water is required. The results showed that F~ concentrations of mine waters vary from 0.05
to 11.65 mg/L, with a mean value of 1.96 mg/L, and 51% of the mine waters contain F~ concentrations
exceeding the Chinese drinking water standard (1 mg/L). The overall mine water quality is influenced by cation
exchange, mineral dissolution, pyrite oxidation, silicate weathering and so on. The high-fluoride mine waters are
all associated with Na-type, with a remarkable cation composition feature of higher Na™ and lower Ca?* and
Mg?* concentrations. Overall, the high-fluoride mine waters are well-matched with the water environment with
higher pH, TDS, and EC levels. PCA reveals that the geochemical controls on the enrichment of F~ in mine waters
include dissolution of fluoride-bearing minerals and F"-OH™ ion exchange; the former process is mainly caused
by the decrease in Ca®* concentrations resulting from Na * -Ca®" cation exchange and mineral precipitation, and
the latter process benefits from a highly alkaline water environment, facilitating the substitution of OH™ in the
mine water for F~ within or absorbed on the minerals. Evaporation also controls F~ enrichment in local areas.

1. Introduction

et al., 2013; Jadhav et al., 2015; Rashid et al., 2020).
Underground coal mining worldwide commonly brings about the

Fluorine (F) is ubiquitous in organisms and the environment (air,
soil, and water) in the form of various compounds, which are dominated
by fluoride (Merian et al., 2004; Singh et al., 2018). Fluoride is indis-
pensable for the human body, but the acceptable intake is within a very
narrow range (Ayoob and Gupta, 2006; WHO, 2017; Adeyeye et al.,
2021). Long-term excessive ingestion of fluorine leads to skeletal or
dental fluorosis and some other detrimental effects, including kidney
damage, thyroxine changes, and physiological disorders (Reddy et al.,
2010; Salifu et al., 2012; Fallahzadeh et al., 2018). Groundwater is the
major source of fluoride exposure in humans (Jha et al., 2011; Rashid
et al., 2018; He et al., 2020), and thus intake of high-fluoride ground-
water is the most significant way to cause fluorosis (Chen et al., 2020a).
Fluorosis resulting from drinking high-fluoride groundwater occurs in
many parts of the world and has raised global alarm and anguish (Wen

output of large amounts of mine water (Belmer and Wright, 2020; Dong
et al., 2021), which are predominantly derived from groundwater. Mine
water often contains a variety of contaminants (Cravotta, 2008; Feng
et al., 2014; Fleming et al., 2021), such as excessive sulphate, fluoride,
and heavy metals, affecting the potential uses of water supplies in coal
mining areas, as well as causing environmental dangers (Wolkersdorfer
and Bowell, 2005; Arefieva et al., 2019; Pyankov et al., 2021). As the
largest coal base in China (Xu et al., 2021) and the only modern mining
area with annual 200-million-ton coal production in the world (Gu et al.,
2014), the Shendong mining area produces up to approximately 106
million tons of mine water annually due to the large-scale underground
coal mining. The climate in the Shendong mining area is arid with little
rainfall, and the natural ecological conditions are very fragile with a
severe scarcity of water resources (Guo et al., 2020; Song et al., 2020).
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The mine water guarantees the water supply for production, living and
ecology of the Shendong mining area, nearby power plants, and chem-
ical industry of coal-to-liquid (Gu et al., 2014); in addition, some mine
water after simple purification treatment is discharged into rivers or
directly on the land surface (Song et al., 2020). However, the concen-
tration of fluoride in the mine water of several coal mines of the Shen-
dong mining area was found to exceed the Chinese drinking water
standard (1 mg/L) (Guo et al., 2017), which doubtlessly brings potential
crises for the water supply and the ecological environment (such as
polluting soil and shallow groundwater) of the mining area.

Fluorine mainly occurs as monovalent fluoride (F™) in natural waters
(WHO et al., 2006). The fluoride concentrations in groundwater are
generally lower than 1 mg/L but can be much higher when groundwater
is under the appropriate mineralogical and geochemical conditions
(Rafique et al., 2015). Fluoride concentrations are mostly governed by
water-rock interactions because fluoride primarily originates from the
various minerals in rocks (Chae et al., 2007; Reddy et al., 2010;
Edmunds and Smedley, 2013). Common fluorine-bearing minerals such
as fluorite (CaF3), topaz (Alp(F,OH)SiO4), sellaite (MgF5), cryolite
(NagAlFg), fluorapatite (Cas(PO4)3F), amphiboles, biotite, and micas
constitute potential sources of fluoride in groundwater (Chae et al.,
2007; Brindha and Elango, 2011; Singh et al., 2012; Rafique et al., 2015;
Luo et al., 2018). Fluorite (CaF5) is considered a predominant mineral
that controls fluoride concentrations in groundwater in many areas
(Salifu et al., 2012; Pettenati et al., 2013), especially in granitic terrains
(Shah and Danishwar, 2003; Reddy et al., 2010; Subba Rao et al., 2016).
Clay minerals such as smectites, illite, and chlorite can also contribute to
fluoride enrichment in groundwater by acting as excellent anion
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exchange media (Weinstein and Davison, 2004; Brunt et al., 2004;
Rafique et al., 2009). Studies have shown that a highly alkaline envi-
ronment favours the enrichment of fluoride (Rafique et al., 2009; Lii
et al., 2016; Rashid et al., 2018). The occurrence of high-fluoride
groundwater can also result from evaporation, which may trigger the
precipitation of CaCO3 and result in a reduction of Ca®* concentration of
the groundwater and consequently facilitate the dissolution of CaF;
(Rafique et al., 2015; Dehbandi et al., 2017; Li et al., 2018). In addition,
anthropogenic sources/industrial activities such as the burning of
high-fluoride coal, application of phosphatic fertilizers, use of clays in
ceramic industries, and processing of phosphatic raw materials can also
lead to excessive amounts of fluoride in groundwater (Brunt et al., 2004;
Chen et al., 2010; Salifu et al., 2012; Sahu et al., 2021).

In this study, 51 mine water samples were collected from the un-
derground coal mines of the Shendong mining area and their
geochemical data were analysed using Schoeller and Piper diagrams,
correlation analysis, and principal component analysis (PCA). The pur-
pose of this study is to investigate the geochemistry of high-fluoride
mine water in the Shendong mining area and identify the geochemical
processes that control fluoride enrichment in mine water. The results of
this study can raise awareness of the mine water quality of the Shendong
mining area and help the local environmental protection agency (EPA)
and industrial sector make more appropriate plans for the utilization,
treatment, and discharge of mine water and coal mining schemes of this
mining area.
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Fig. 1. (A) The location of Shendong mining area in China; (B) The divisions of coal mines of Shendong mining area and the location of coal mines that were
sampled; (C) Geological cross-section map of I-I' (modified from Fu et al., 2018) in the Fig. 1(B).
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2. Study area

The Shendong mining area (Fig. 1), covering approximately 3500
km?, is located at the border of Shaanxi, Inner Mongolia and Shanxi
provinces of China. This mining area is characterized by a sparse pop-
ulation and advanced coal mining technology (Guo et al., 2020). It lies at
the southeast edge of the Maowusu Desert, with an average elevation of
approximately 1200 m. The surface of the mining area is covered by
flowing and semifixed sand, with a maximum thickness of up to 20-50
m. The mining area is situated in the arid inland region of Northwest
China and has a typical semiarid and semidesert plateau continental
climate; the vegetation is scarce, and the ecological environment is very
vulnerable (Wang et al., 2008). The annual average temperature is 11.2
°C, and this dry area receives little rain with an average annual pre-
cipitation of 320-440 mm; however, the average annual evaporation
reaches 2297.4-2838.7 mm, which is 6-7 times the rainfall (Li et al.,
2013). Therefore, this region is poor in water resources, and the supply
of water for living and production activities in the mining area is very
tight. The surface water system in this region is undeveloped, and the
main river is the Ulan Mulun River, which flows through the whole
mining area. The terrain is cut strongly in this region, which is criss-
crossed by ravines and valleys. With respect to structure, the Shendong
mining area is located at 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°-6°. Faults are rare in the mining areas, and the structure is simple.

The strata in the Shendong mining area mainly include the Yanchang
Formation (T3y) of the Upper Triassic, Fuxian Formation (J1) of the
Lower Jurassic, Yanan Formation (Ji.oy) of the Middle and Lower
Jurassic, Zhiluo Formation (J;) and Anding Formation (Ja,) of the
Middle Jurassic, and Cenozoic (Kz) from bottom to top. The Luohe
Formation (K;l) of the Lower Cretaceous appears in some areas of the
study area (Fig. 1C). The main coal seams occur in J;.oy, containing five
coal groups numbered 1¥-5%. The coal seams were mainly deposited in
lacustrine delta and fluvial sedimentary environments (Wu, 2001). The
burial depth of the coal seams varies from 60 to 400 m, with most being
approximately 100 m.

Groundwater in this area is relatively scanty, and the total amount is
relatively deficient. The groundwater in this area mainly occurs in
porous phreatic aquifers of Quaternary and Mesozoic pore-fissure
aquifers of clasolite. There are two aquifers that are relatively rich in
groundwater in this area, and they are porous phreatic aquifers of the
Salawusu Formation (Qs;) in the upper Pleistocene of the Quaternary
and pore-fissure confined aquifers of the Yanan Formation (J1.2y) in the
Middle and Lower Jurassic. These two aquifers are also the main water-
supplying aquifers for coal mine water in the Shendong mining area.

The Q35 porous phreatic aquifer is mainly distributed in the regions
of Daliuta, Shigetai and south Ningtiao. The thickness of this aquifer
generally ranges from 10 to 30 m; the lithology is mainly composed of
silty-fine and medium-coarse sandstones, with a gravel layer occurring
at the bottom of this formation in local areas; overall, the structure of
this formation is loose, and precipitation easily infiltrates. The burial
depth of the groundwater level of this aquifer generally varies from 0 to
30 m, and the unit water inflow of the borehole ranges from 0.1 to 2.11
L/(s-m). Overall, the water abundance of this aquifer is medium, with
strong water in local areas.

The J1.oy pore-fissure aquifer is mainly composed of medium-coarse
sandstones, and the fractures are poorly developed overall. The unit
water inflow of the borehole of this aquifer varies from 0.00001 to
0.0011 L/(s-m), indicating an overall extremely weak water yield
property. However, in some regions, burnt rocks occur in this formation
due to the spontaneous combustion of the coal seam, leading to well-
developed holes and fractures. The water abundance in holes and frac-
tures of burnt rocks is strong to extremely strong.
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3. Materials and methods
3.1. Sampling and sample test

In this study, a total of 51 mine water samples were collected from
eight coal mines including Shigetai (SGT), Halagou (HLG), Wulanmulun
(WLML), Buertai (BET), Bulianta (BLT), Daliuta (DLT), Shangwan
(ShW), and Jingjie (JJ), which cover the main production mines of the
Shendong mining area (Fig. 1), during Nov.-Dec. 2019 and Jul.-Aug.
2020. Among the collected mine water samples, there were six samples
from SGT, labeled SGT-1-SGT-6; nine from HLG, labeled HLG-1-HLG-9;
ten from WLML, labeled WLML-1-WLML-10; three from BET, labeled
BET-1-BET-3; five from BLT, labeled BLT-1-BLT-5; ten from DLT,
labeled DLT-1-DLT-10; six from ShW, labeled ShW-1-ShW-5; and three
from JJ, labeled JJ-1-JJ-3 (Table S1). Samples were obtained from
water exploration holes, discharge points of goaf water, and water inlet
of the reservoir at underground coal mines.

At each water sampling site of underground coal mines, field mea-
surements, including pH and electrical conductivity (EC), were
measured during sample collection using portable meters from Extech
Instruments. Before sample collection, the high-density polyethylene
(HDPE) bottles were flushed using the target water sample more than
three times. In addition, to minimize headspace air, the HDPE bottles
were filled to overflow and then capped. Major ion analysis was per-
formed at the State Key Laboratory of Environmental Geochemistry,
Institute of Geochemistry Chinese Academy of Sciences within one week
after sampling.

Due to suspended particles and insoluble matters containing in the
collected water samples, these things may damage and block the pipe-
line, pump or chromatographic column of the instrument such as
Chromatograph. Therefore, each collected water sample was filtered
first using a Millipore filter with a 0.45 pm in pore diameter in the
laboratory for the security measure of the sophisticated instrument (Gao
et al., 2013; Li et al., 2018; Rashid et al., 2021). After that, the filtered
sample was divided into two subsamples. One subsample used for major
cation analysis was acidified to pH < 2 by adding a few drops of ultra-
pure HNOg3. The other subsample was left un-acidified for analyses of
major anions. The concentration of HCO3 was obtained through acid
titration. The concentrations of Na*, Ca%*, Mg?>" and K were deter-
mined using inductively coupled plasma-atomic emission spectrometry
(Vista-MPX). The concentrations of anions such as SO%’, Cl, F and
NOj3 were analysed by ion chromatography (IS90). The analysed major
ions of all the collected mine water samples from different coal mines are
presented in Table S1 of the paper. The tested anion-cation balance of
the samples was generally in the range of 5%, with an average of 4.32%.

3.2. Principal component analysis

Principal component analysis (PCA) has been widely used for ana-
lysing geochemical data (Rashid et al., 2019a, 2019b, 2019b; Schweitzer
et al., 2019), and it is a multivariate technique that can reduce many
variables into a few comprehensive indicators (principal components)
(Abdi and Williams, 2010). The basis of PCA has been clearly explained
both mathematically and qualitatively (Bro and Smilde, 2014). In short,
a set of variables that may be correlated is re-expressed in a rotated
coordinate system in which as much variance as possible can be
explained by the first few dimensions (Xue et al., 2011). PCA is bene-
ficial in investigating correlations among variables in the original
dataset since it selects the new axes to lie along directions of the highest
correlation (Gotelli and Ellison, 2004). In the present study, PCA was
conducted using IBM SPSS Statistics 19.0 to investigate correlations
between chemical constituents in mine water.
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4. Results
4.1. Overall quality of mine water

The analysed concentrations of major ions, and the tested pH and EC
of mine waters collected from the Shendong mining area are summa-
rized in Table 1. Mine waters in the Shendong mining area belong to
neutral to alkaline water based on the tested pH values, ranging from
7.00 to 9.19, with an average of 7.91. The EC values of mine waters are
between 274 and 5800 ;S/cm, with an average of 1737 uS/cm. Overall,
approximately 67% of mine waters possess EC values lower than 2000
uS/cm, the permissible threshold for irrigation (Reddy et al., 2014;
Zhang et al., 2018). Overall, the EC level of mine waters from ShW is
higher than that of other coal mines (Table S1). The total dissolved solids
(TDS) contents of mine waters range between 150 and 2858 mg/L,
averaging 955 mg/L. Using the World Health Organization (WHO)
guideline of 1000 mg/L TDS as a threshold for potable water (WHO,
1996), over 70% mine waters in this area are acceptable for drinking.

The main anions in the mine waters are HCO3 (102.84-1304.10 mg/
L, avg. 530.22 mg/L), SOF~ (9.87-1242.10 mg/L, avg. 348.26 mg/L),
and Cl™ (4.67-1063.40 mg/L, avg. 155.88 mg/L). NO3 is absent in many
mine waters, but high NO3 concentrations occur locally (Table S1).
Among the mine waters, 49% have detectable NO3 with concentrations
varying from 0.02 to 17.16 mg/L, averaging 2.36 mg/L. In most geologic
formations, natural nitrate is lacking; therefore, a high NO3 concen-
tration (>5 mg/L) commonly indicates contamination by animal wastes,
fertilizers, and/or effluents (Currell et al., 2010). Investigations revealed
that a few goafs in the Shendong mining area lie under irrigated farm-
land (Ren et al., 2007), and shallow groundwater is highly susceptible to
pollution from irrigation water and then enters the goaf through the
fissure zone of the goaf, thus influencing the mine water quality. Given
that 90% of mine water samples have a relatively low concentration of
NO3 (<2 mg/L), the local high NO3 concentrations in mine water
samples may result from downwards vertical leakage of shallow
groundwater. The major cations in mine waters are dominated by Na™*
(10.53-1345.80 mg/L, avg. 401.73 mg/L), followed by Ca%*
(2.45-241.53 mg/L, avg. 65.97 mg/L), Mg>" (0.03.45-64.62 mg/L, avg.
15.11 mg/L), and Kt (0.63-13.58 mg/L, avg. 5.25 mg/L). The com-
parisons of the average concentration of major ions of mine waters from
each colliery between summer and winter are presented in Fig.S1.
Overall, the changes of average concentrations of most ions in mine
waters of each colliery are small between summer and winter, with
slightly higher in summer, which may be related to relatively stronger
evaporation intensity in summer.

In general, groundwater in recharge areas has relatively higher

Table 1
The statistical summary of analytical data for mine water of Shendong coal
mining area, China.

Parameters Number of Minimum  Maximum  Mean Median
samples
pH 51 7.00 9.19 7.91 7.84
EC (uS/cm) 51 274 5800 1737 1520
Na™ (mg/L) 51 10.53 1345.80 401.73  316.36
K" (mg/L) 51 0.63 13.58 5.25 5.17
Ca®* (mg/L) 51 2.45 241.53 65.97 52.62
Mg** (mg/L) 51 0.03 64.62 15.11 11.12
Cl™ (mg/L) 51 4.67 1063.40 155.88  43.53
S0%~ (mg/L) 51 9.87 1242.10 348.26  292.69
HCO3 (mg/ 51 102.84 1304.10 530.22 518.85
L)

F~ (mg/L) 51 0.05 11.65 1.96 1.16
TDS (mg/L) 51 150 2858 955 725
Na'/Cl™ ® 51 1.95 26.74 9.24 6.24
Na*/Ca** " 51 0.14 142.15 17.08 4.06

2 Na'/Cl™ refers to molar Na*/Cl™ ratio.
> Na®/Ca®" refers to equivalent ratio.
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concentrations of Ca?* and Mg?*, but lower Na* and Cl~ concentra-
tions, and Na™ and Cl~ concentrations increase along groundwater flow
paths towards the stagnant and discharge areas of groundwater (Van
Voast, 2003; Dahm et al., 2014; Zhang et al., 2019). In addition, both
Na®™ and Cl~ of water samples in this study present strong positive
correlation with TDS contents (R2 = 0.94, and 0.82 respectively).
Therefore, the spatial variation of Na™ and Cl~ concentrations can be
used to judge the rough direction of groundwater flow. As shown in Fig.
S2, in the north part of the Shendong mining area, mine waters of coal
mines in the southwest (e.g., BET, BLT, and ShW) overall have higher
concentrations of Na™ and Cl~ than that of coal mines in the northeast
(e.g., WLML, SGT, and HLG), implying that the groundwater flow di-
rection is probably from NE to SW in the north part of the Shendong
mining area and the northwest direction is near to the recharge area. The
mine water of JJ coal mine in the south part of the study area has the
lowest concentrations of Na* and Cl~, suggesting that the groundwater
flow direction is overall from South to the North in the south part of the
Shendong mining area and JJ coal mine is near to the recharge area of
groundwater. Overall, Nat and Cl~ concentrations of mine waters in
ShW and BLT coal mines are relatively higher in the whole area, indi-
cating that these two coal mines may be in the catchment area of the
groundwater.

4.2. Fluoride concentration of mine water

The fluoride concentrations of mine waters range from 0.05 to 11.65
mg/L, averaging 1.96 mg/L, which is higher than the WHO safe drinking
level of 1.5 mg/L. The Chinese standards for drinking water quality (GB
5749-2006), Chinese standard for groundwater quality (<class III) (GB/
T 14848-2017), and Chinese environmental quality standards for sur-
face water (<class III) (GB 3838-2002) all set the guide value of fluoride
concentration as 1.0 mg/L. Based on the above Chinese standards, mine
water of the Shendong mining area of China that has a fluoride con-
centration higher than 1.0 mg/L is defined as high-fluoride mine water
in this study; otherwise, it is defined as low-fluoride mine water. The
results show that approximately 51% of the samples are high-fluoride
mine water, and the remaining 49% are low-fluoride. Coal mines
whose average fluoride concentration (AFC) exceeds 1.0 mg/L include
BET (3.89-11.65 mg/L), WLML (0.27-3.07 mg/L), BLT (3.27-5.38 mg/
L), ShW (0.63-5.20 mg/L), and DLT (0.52-2.48 mg/L) (Fig. 2), among
which BET is the highest, with an AFC of 7.37 mg/L. Mine waters
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Fig. 2. Distribution of F~ concentration of mine waters collected from each
mine of Shendong mining area.
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collected from coal mines of SGT (0.05-0.80 mg/L), HLG (0.18-4.98
mg/L), and JJ (0.15-0.35 mg/L) all have AFCs lower than 1.0 mg/L, and
JJ possesses the lowest AFC, with a value of only 0.22 mg/L.

The spatial variation of fluoride concentrations of mine waters have
been presented in Fig.S3. In the north part of the Shendong mining area,
mine waters of coal mines in the southwest (e.g., BET, BLT, and ShW)
overall have higher fluoride concentrations than that of coal mines in
the northeast (e.g., WLML, SGT, and HLG), that is, the fluoride con-
centration of mine waters increases from NE to SW direction. The mine
water of JJ coal mine in the south part of the study area has the lowest
average fluoride concentration. Compare Fig.S2 and Fig.S3, it can be
easily discovered that the fluoride concentration in the mine water is
influenced by the flow field of groundwater, implying that the water-
rock interactions occurring as groundwater moves along the flow
paths has significant controls on the fluoride enrichment in
groundwater.

5. Discussions
5.1. Relationships of major ions of mine water

Understanding the relationships between major ions allows for a
more accurate assessment of ion sources and hydrochemical processes

occurring (Carol et al., 2009; Barzegar et al., 2017; Sahu et al., 2021) in
mine waters. If molar Na™/Cl™ ratios in groundwater are close to 1.0,
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halite dissolution constitutes the major source of Na' and Cl™ in
groundwater (Appelo and Postma, 2005; Yuan et al., 2017). For mine
waters in this study, a strong positive correlation exists between Na™ and
Cl™ concentrations with a correlation coefficient up to 0.901; however,
all mine waters have molar Na®/Cl™ ratios much greater than 1.0
(Fig. 3a, Table 1), indicating that Na™ has other major sources, such as
Na*t-Ca®* cation exchange (Currell et al., 2011; Li et al., 2015; Wang
et al., 2018) and silicate (e.g., albite) weathering reactions (Guo et al.,
2007; Rice et al., 2008; Adimalla and Li, 2018). However, the poor
correlation between Nat and HCO3 concentrations suggests that Na™
concentrations were probably weakly influenced by silicate weathering
(Cheung et al., 2010) (Fig. 3b). The relation of (Nat—Cl™) versus
(Ca"+Mg?")—(HCO3+S0% ") has been widely used to identify ion ex-
change processes (Barzegar et al., 2017; Luo et al., 2018; Chen et al.,
2020b). If cation exchange is a significant controlling process for
groundwater compositions, the relation between (Nat—Cl~, meq/L) and
(Ca®"+Mg?")—(HCO34S0%7) (meq/L) should be linear with a slope of
—1.0. Fig. 3c shows that all the mine waters are distributed around the
line (slope of —1.0) and define a straight line (r = 0.991) with a slope of
—0.863, indicating that cation exchange reactions were ubiquitous in
mine waters. In general, groundwater in recharge areas has relatively
higher concentrations of Ca>" and Mg?", but lower Na* concentrations
and Na' concentrations increase along groundwater flow paths towards
the stagnant and discharge areas of groundwater (Van Voast, 2003;
Dahm et al., 2014; Zhang et al., 2019). For many basins, the higher Na *
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concentration in the groundwater of stagnant and discharge areas is
related to cation exchange of Ca®" in the groundwater for Na* absorbed
on the minerals (Guo et al., 2007; Currell et al., 2011). In this study,
Na*/Ca?* equivalent ratios in the mine waters increase with increasing
TDS contents except for several outliers (Fig. 3d) but are negatively
related to total cation/Cl™ equivalent ratios (r = 0.713) (Fig. 3e); thus, it
can be inferred that the increase in Na*/Ca?" equivalent ratios in mine
waters is primarily due to cation exchange of Na ™ -Ca" rather than
progressive dissolution of Na-bearing minerals (e.g., albite) (Currell
et al., 2011).

If Cat, Mg2+, SO%~ and HCO3 in groundwater were derived from a
simple mixture of dissolution of dolomite, gypsum, and calcite, then an
approximate 1:1 line should hold for the relation between
(SO%_+HCO§, meq/L) and (Ca2++MgZ+, meq/L) (Fisher and Mulican,
1997; Wang et al., 2016). However, almost all mine waters in this study
fall below the 1:1 line (Fig. 3f), indicating that Ca%*, Mg?*, SO%~ and
HCO3 of mine waters are not derived from simple dissolution of dolo-
mite, gypsum, and calcite, and the excess negative charge of HCO3 and
SO3™ must be balanced by Na*, the only other major cation in mine
waters. As mentioned above, cation exchange of Na™-Ca%" was ubiqui-
tous in mine waters, which can also make the data points move away
from the 1:1 line of (SO?{+HCO§ , meq/L) versus (Caz++Mg2+, meq/L).
Fig. 3g shows that approximately 40% of mine waters fall on or near to
the 1:1 line of HCO3 (meq/L) versus (Caz++Mg2+, meq/L) (inside the
dotted line of the ellipse), and the line represents the dissolution of
dolomite and calcite (carbonate minerals) by HoCO3, and the main re-
actions are as Egs. (1)-(3); a few samples are situated above and to the
left of the line, possibly indicating excess Ca?t and Mg?* from the
dissolution of sulphate or reverse cation exchange of Na*-Ca®*; how-
ever, a large proportion of samples are below and to the right of the line,
suggesting excess HCO3 that may be derived from other processes, such
as silicate weathering (e.g., plagioclase, Equation (4)), and
methyl-fermentation process (Equation (5)) in the coal seam (Whiticar,
1999; Flores, 2014), which can generate COy and then form HCOg3
through Equation (6).

Dissolution of carbonate:

CaCO; + CO, + Hy0~Ca** + 2HCO; ¢h)
CaMg(CO3), +2C0, + 2H,0—~Ca*" + Mg** + 2HCO, 2
CaMg(CO3), + CaCOs + 3CO, + 3H,0~2Ca*" + Mg*" + 6HCO; 3)

Plagioclase weathering:

Na0_62Cao_38All_3gSi2_6203 + 138C02 + 455H20—>069A12S1205(0H)4

+0.62Na™ + 0.38Ca*" + 1.24H,SiO, + 1.38HCO; “4)
Methyl — fermentation process : CH;COOH — CO, + CH, 5)
CO, +H,0=HCO; + H" (6)

To assess the effect of gypsum dissolution on the compositions of
mine waters, the diagram of SOF~ versus Ca2* is plotted in Fig. 3h,
which shows that only approximately 20% of mine waters fall on the 1:1
line reflecting gypsum dissolution. Most mine waters are situated below
and to the right of the line, typically interpreted as an excess of SOF~
derived from other processes (Tarki et al., 2011). The total sulfur content
(St, @) in the coals of the Shendong mining area is generally 0.2-0.8%
with an average of 0.4% and, mainly consists of pyrite sulfur (Qi, 2001;
Bai et al., 2002). Coal mining activities make the coal seam and mine
water in an oxidizing environment, leading to the oxidation of pyrite in
the coal seam and the formation of SO%‘, and the reaction is equation (7)
(Banks et al., 1997). In addition, Fig. 3i shows that SO%’ has a good
positive correlation (r = 0.789) with Na*, and some mine waters
(approximately 17%) fall on the 1:1 line, representing mirabilite disso-
lution, indicating that mirabilite dissolution may also be one of the
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sources of SO3 ™.

4FeS, + 150, + 14H,0—~4Fe(OH), + 8503~ + 16H™ @)

5.2. Geochemistry of high-fluoride mine water

5.2.1. Ionic compositions and hydrochemical types

A Schoeller diagram displaying the major ionic compositions of each
mine water is presented in Fig.S4. Compared with low-fluoride mine
waters, mine waters with high F~ concentrations have distinctive major
ionic compositions, being Na-rich, Cl-rich, Ca-poor, Mg-poor and having
relatively higher concentrations of HCO3 and SO3~ (Fig.S4; Table S2).
The average concentrations of Na* and Cl™~ in high-fluoride mine waters
are up to 3.99 and 13.29 times those in low-fluoride mine waters, while
the average Ca®" and Mg?*" concentrations are only 0.45 and 0.32 times
those in low-fluoride mine waters, respectively (Table S2).

A number of studies have shown that the hydrochemical types of
groundwater have an important effect on the concentrations of F~ in
groundwater (Chae et al., 2007; Rafique et al., 2015; Li et al., 2019). The
major ionic compositions of sampled mine waters along with F~ con-
centrations were plotted on the Piper diagram, as shown in Fig. 4A,
which can separate the low-fluoride mine waters from the high-fluoride
mine waters. The mine waters were classified into four hydrochemical
types (Chae et al.,, 2007): Ca-(SO4)-Cl, Ca-HCOs3, Na-(SO4)-Cl, and
Na-HCOs (Fig. 4A). The high-fluoride mine waters were Na-(SO4)-Cl or
Na-HCOg type, with Na-HCOj3 type accounting for a relatively larger
proportion. The low-fluoride mine waters were distributed in all four
hydrochemical types but with different proportions, 40% of Ca-HCOg3
type, 28% of Na-HCOj3 type, 16% of Ca-(SO4)-Cl type, and 16% of
Na-(SO4)-Cl type. That is, all the high-fluoride mine waters are of
Na-type; 56% low-fluoride mine waters are of Ca-type, and the
remaining 44% are Na-type. The F~ concentration of each hydro-
chemical type is different (Fig. 4B). Na-HCO3 type mine waters exhibit
the highest average F~ concentration with a value of 2.89 mg/L, while
mine waters with the Ca-(SO4)-Cl type show the lowest average F~
concentration with a value of 0.25 mg/L. In addition, the average F~
concentrations of Na-(SO4)-Cl and Ca-HCOj3 type mine waters are 2.15
and 0.35 mg/L, respectively.

5.2.2. pH, TDS, and EC

Fluoride in groundwater easily dissolves, migrates and accumulates
in alkaline environments and is rarely detected in groundwater with
acidic environments (pH < 7.0) (Wang et al., 2001). A previous study
(Ren et al., 1996) showed that the existence of fluorine in groundwater
with an alkaline environment has more than ten forms dominated by F~,
MgF", and CaF", among which F~ commonly accounts for 79-96%,
MgF* for 3.1-19.2%, and CaF" for 0.3-3.0% of total fluoride concen-
trations; with the increases of alkaline, the activity of F~ heightens,
while the activities of MgF' and CaF' decrease. On the other hand,
within an alkaline environment, groundwater is relatively rich in OH™;
F™ has the same potential and similar ionic radius as OH™, so the OH™ in
groundwater easily replaces the exchangeable F~ ions of
fluoride-bearing minerals (such as clay minerals and biotite), and then
F~ ions are released to the groundwater, increasing the F~ concentration
in groundwater (Wen et al., 2013; Li et al., 2015; Lii et al., 2016). In this
study, high-fluoride mine waters overall have a relatively higher
average pH value (8.08), which is higher than the average pH level
(7.91) of all mine waters, while the pH of low-fluoride mine waters is
slightly lower, with an average value of 7.73 (Table S2). Fig. 5a shows
that a relatively good positive correlation (r = 0.502) exists between F~
concentrations and the pH of mine waters, conforming to the rule that
the stronger the alkalinity is, the higher the F~ concentrations.

The F~ concentrations of groundwater are commonly relevant to the
TDS contents (Rafique et al., 2009; Chen et al., 2020a) because the
enrichment of F~ is generally related to some hydrogeochemical pro-
cesses, such as water-rock interactions and evaporation. These processes
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Fig. 4. Piper diagram of major ionic compositions of mine waters of Shendong mining area (A). Box plots show the F~ concentration of mine waters in relation to the

hydrochemical types (B).

can change the chemical compositions of the groundwater and then
influence the TDS contents. In this study, the average TDS content of
high-fluoride mine waters is 1351 mg/L, which is 2.49 times that of
low-fluoride mine waters (543 mg/L) (Table S2). Fig. 5b shows that the
TDS contents have a relatively good positive correlation (r = 0.529) with
F~ concentrations, suggesting that some hydrogeochemical processes
control the F~ concentrations in mine waters. Due to a strong positive
correlation (r = 0.908) between EC and TDS contents, EC also presents a
positive correlation with F~ concentrations (Fig. 5¢), possibly implying
that higher EC is beneficial to the migration and accumulation of F~ in

groundwater.

5.3. Geochemical processes controlling the fluoride concentrations

To elucidate the geochemical processes controlling the fluoride
concentrations in mine waters, PCA was carried out on the F~, pH, TDS
and major ion components of mine waters using the Kaiser-Meyer-Olkin
(KMO) and spherical Bartlett tests, and varimax rotation was adopted in
the PCA of this work. The results of PCA are shown in Table 2. Two
principal components (PCs) were extracted from the nine variables. PC1
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Table 2
The loading matrix of varimax rotation factor of chemical compositions of
sampled mine waters.

Variable PC1 PC2
TDS 0.975 0.053
Ccl- 0.938 0.192
Na™ 0.930 0.245
SO3 0.928 —0.252
Ca*" 0.121 —0.933
Mg+ —0.026 —0.868
pH 0.165 0.831
F- 0.337 0.663
HCO3 0.080 0.078
Eigenvalue 3.722 2.923
Contribution rate (%) 41.35 32.48
Cumulative contribution rate (%) 41.35 73.83

The bold represents the variable has considerable impats on the corresponding
principal component.

and PC2 described 73.83% of the database variability with 41.35% for
PC1 and 32.48% for PC2. Thus, most of the hydrochemical variable
information contained in the mine waters can be well explained by the
two PCs.

PC1 reveals considerably positive factor loadings for TDS, Cl~, Na™,
and SO7 . PC1 is mostly associated with the dissolution of minerals and
cation exchange reactions that occur when groundwater flows from the
recharge area to the runoff area and then to the discharge area. Gener-
ally, as groundwater moves from the recharge area to the discharge area,
Na™, CI~, and TDS concentrations increase due to groundwater-mineral
reactions (Van Voast, 2003; Dahm et al., 2014; Zhang et al., 2019). As
discussed in Section 4.1, the Cl™ in mine waters of this study mainly
comes from halite dissolution. Na™ is derived from the dissolution of
minerals (e.g., halite and mirabilite) and Na*-Ca®" cation exchange, and
the latter is the primary process of Na © accumulation in mine waters.
SO%~ in mine waters of this study comes from the dissolution of gypsum
and mirabilite and the oxidation of pyrite. Both the dissolution of min-
erals and cation exchange reactions can lead to an increase in TDS.
Therefore, PC1 mostly describes the dissolution of mineral and cation

exchange reactions. Ca®* has a very low positive factor loading in PC1
due to the combined effects of dissolution of minerals (e.g., gypsum) and
Na*-Ca?" cation exchange. The process of gypsum dissolution increases
the concentrations of Ca%", while Na*-Ca?" cation exchange reduces the
concentrations of Ca2t in mine waters.

F~ presents a relatively low positive factor loading (0.337) in PC1,
implying that the concentration of F~ in mine waters is associated with
the dissolution of mineral and cation exchange reactions. Fig. 5d shows
that the Na*/Ca?t equivalent ratios of mine waters present a strong
positive correlation with F~ concentrations, suggesting that Na™-Ca?*
cation exchange has a significant control on the enrichment of F~ in
mine water. Na*-Ca?* cation exchange causes a decrease in Ca* con-
centrations and a rise in Na* in mine waters, and the decline in Ca®*
concentrations facilitates the dissolution of fluorine-bearing minerals,
such as fluorite and fluorapatite. The reactions are shown in Egs. (8) and
(9), leading to an increase in F~ concentrations in mine waters. There-
fore, all the high-fluoride mine waters are Na-type.

CaF,=Ca>" +2F~ ®

Cas(PO,),F=5Ca>" + F + 3P0 ©)

PC2 exhibits considerably negative factor loadings for Ca?" and
Mg?" and highly positive factor loadings for F~ and pH. PC2 is possibly
associated with mineral precipitation and F -OH™ ion exchange,
resulting from higher pH. From the correlation coefficient matrix in
Table S3, it can be observed that the pH presents a relatively good
negative correlation with Ca?* (r = —0.668) and Mg>" (r = —0.564)
because a higher pH favours the precipitation of Ca(OH); and Mg(OH),
(Egs. (10) and (11)), resulting in a decrease in Ca®t and Mg2+ concen-
trations in mine waters and thus promoting the dissolution of fluoride-
bearing minerals (Egs. (8) and (9)). Fig. 5e and f also illustrate that
the decrease in Ca%" and Mg?* benefits the increase in F~. In addition, as
discussed in Section 5.2.2, due to having the same potential and similar
ionic radius as F~, the OH™ in groundwater easily replaces exchangeable
F~ of fluoride-bearing minerals (such as clay minerals and biotite), and
then F~ is released to the groundwater, increasing the F~ concentration
in groundwater. The reactions in which OH™ in mine waters replaces F
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in biotite and muscovite are shown in Egs. (12) and (13). Clay minerals,
such as kaolin, are able to hold F~ on their surfaces, but at higher pH
OH™ can displace F. In summary, an alkaline mine water environment
with a higher pH favours the enrichment of F~.

Ca’" +20H =Ca(OH), (10)
Mg*" +20H =Mg(OH), 1n
Biotite : KMg;(AlSi3019)F> +20H —KMg;(AlSiz010) (OH), +2F~  (12)

Muscovite : KAL (AlSi;010)F; + 20H —KAL (AlSi;010)(OH), + 2F~  (13)

The PCA scores for each mine water marked with the F~ concen-
tration are shown in Fig. 6. As presented in the figure, when mine waters
have positive scores on both PC1 and PC2 (first quadrant in Fig. 6), all
the mine waters (except one) are characterized by high-fluoride. The
average F~ concentration is the highest with a value of 4.74 mg/L
because the processes of Na™-Ca2" cation exchange, mineral precipita-
tion and F -OH ™ ion exchange are all relatively intense, lending to the
highest F~ concentrations in mine waters. When mine waters have
positive scores on PC1 or PC2 (second and fourth quadrants in Fig. 6), it
reflects that mineral precipitation and F-OH™ ion exchange or Na®-
Ca2™ cation exchange processes are relatively intense, and high-fluoride
mine waters also appear with a great probability. Only when mine wa-
ters have negative scores on both PC1 and PC2 (third quadrant in Fig. 6),
are all the mine waters characterized with low-fluoride, and the average
F~ concentration is the lowest with a value of only 0.49 mg/L because
Na'-Ca?" cation exchange, mineral precipitation and F"-OH™ ion ex-
change are all relatively weak. To summarize, the PCA reveals that the
geochemical controls on the enrichment of F~ in mine waters of the

@ High-fluoride mine water

O Low-fluoride mine water

F-(av.)=1.75mg/L, n=16

Scores on PC2 (32.48%)

F~(av.)=0.49 mg/L, n=16
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Shendong mining area include dissolution of fluoride-bearing minerals
and F"-OH™ ion exchange. The former is mainly caused by the decrease
in Ca®* (and Mg?") in mine waters resulting from cation exchange or
mineral precipitation, and the latter is due to a highly alkaline mine
water environment. All these processes that influence the F~ concen-
trations in mine waters could be attributed to water-rock interactions.
In addition to water-rock interactions, evaporation may also be a
factor for the occurrence of high-fluoride mine water in local regions.
Data were plotted on Gibbs (1970) diagrams (Fig. 7) to infer the
dominant controls on the quality of mine waters. The diagram shows
that the vast majority of mine waters are distributed in the region of
“rock dominance”, suggesting that rock weathering is the most impor-
tant factor influencing mine water quality. However, several
high-fluoride mine water samples fall into the “evaporation dominance”
region, revealing that evaporation controls the F~ enrichment of mine
waters in local areas. Evaporation may trigger the precipitation of
CaCOs3 (Dreybrodt and Deininger, 2014; Wallin and Peterman, 2015)
and result in a reduction in the Ca?* concentration of the groundwater
and consequently facilitate the dissolution of CaF; (Luo et al., 2018).

6. Conclusions

(1) Mine waters of the Shendong mining area are overall alkalescent
with low TDS. The fluoride concentrations range from 0.05 to
11.65 mg/L (avg. 1.96 mg/L), and 51% of the mine waters exceed
the Chinese drinking water standard (1 mg/L). Mine water of BET
colliery has the highest average fluoride concentration with a
value of 7.37 mg/L.

F~(av.)=4.74 mg/L, n=11

F-(av.)=1.49 mg/L, n=8

3 - - - - -
-3 -2 -1 0

Scores on PC1 (41.35%)

o F :0.05mg/L

C F :11.65mg/L

Fig. 6. PCA score plot (PC1 vs. PC2) for high-fluoride and low-fluoride mine waters from Shendong mining area. The size of the circle represents the concentration

of F~.
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Fig. 7. Gibbs (1970) diagrams (modified by Rashid et al., 2020) showing the mechanism that controls the mine water quality.

(2) Reactions of Na * -Ca®t cation exchange and dissolution of

minerals are ubiquitous in mine waters, together with oxidation

of pyrite, silicate weathering, and possible methyl-fermentation
processes.

High-fluoride mine waters are characterized by Na-rich, Cl-rich,

Ca-poor and Mg-poor. All the high-fluoride mine waters are Na-

type. Mine waters of the Na-HCOs type exhibit the highest

average F~ concentration with a value of 2.89 mg/L. The fluoride
concentrations in mine waters are overall proportional to high
pH, high TDS, and high EC levels.

(4) Two PCs were extracted from the chemical parameters, and the
contribution rates of PC1 and PC2 are 41.35% and 32.48%,
respectively. PCA reveals that the direct geochemical processes
that control fluoride enrichment in mine waters include dissolu-
tion of fluoride-bearing minerals and F"-OH™ ion exchange; the
former process is governed by the consumption of Ca®*, and the
latter process benefits from the high pH environment. When the
processes of Na™-Ca®" cation exchange, mineral precipitation,
and F~-OH™ ion exchange are all relatively strong, the degree of
F~ enrichment in mine water is the highest. Evaporation controls
the F~ enrichment of mine waters in some areas of the Shendong
mining area.
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