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In high-fluorine geological background areas, the supergene geochemical
process of fluorine has an impact on regional environmental health and
safety, which has long been the focus of attention. However, in karst areas
characterized by a high incidence of endemic fluorosis, the migration and
transformation of fluorine in surface water have not received sufficient
attention. This study investigated the joint influence of the weathering and
erosion of carbonate rocks and coal-bearing strata on a typical small watershed.
Accordingly, 239 samples representing 13 periods of hydrochemical samples
were systematically collected to clarify the source, migration, and
transformation characteristics of fluorine in surface water. The results
revealed that the pH of the Huatan River was low in the rainy season and
high in the dry season. The annual variation range of fluorine concentration was
0.11-0.40 mg/L. Although mining development produced acid mine drainage
with high fluorine concentration, its impact at the watershed scale appeared to
be limited. In terms of spatial scale, the concentration of fluorine in the Huatan
River increased gradually from upstream to downstream. The dissolution of
fluorite and other fluorine-bearing minerals had not reached the saturation
state. The fluorine in the watershed primarily came from the dissolution of
fluorine-bearing minerals, followed by the contribution of atmospheric
precipitation. The release of fluorine adsorbed on the surface of clay
minerals was not the main source of this element. The leaching of the
watershed was shown to represent a critical transport process concerning
fluorine in the Huatan River, and evaporation had a notable impact on the
enrichment of fluorine in water.
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1 Introduction

Fluoride, an essential trace element in the human body, is
also an identified cause endemic environmental health events,
such as dental fluorosis and bone fluorosis (Guo et al., 2021; Li
et al., 2020; Wang et al., 2021; Balcerzak, 2022). The World
Health Organization lists fluoride among the top ten chemicals
of public health concern and indicates that the guideline limit
for fluoride in drinking water should not exceed 1.5 mg/L
(Aghapour et al., 2018; Wang et al., 2020). According to the
Groundwater Quality Standard (GB14848-2017), Surface
Water Environmental Quality Standard (GB3838-2002), and
Living Drinking Water Sanitation Standard (GB 5749-2022),
the content of fluoride in drinking water shall not exceed
1.0 mg/L (He et al.,, 2020; Cao et al., 2022; Hao et al., 2022).
Globally, more than 200 million people are affected by drinking
water containing fluoride levels exceeding these standards
2020;
Bhattacharya, 2015; Wang et al, 2020). In an aqueous

(Strunecka  and  Strunecky, Vithanage and
environment, the primary forms of fluorine are F~, HF, FeF*,
FeF,", MnF*, AlF,", AIF*", AlF;(aq), AIF,", MgF*, CaF*, NaF,
and many other forms (Deng et al., 2011). Li X. et al. (2016)
indicated that fluoride easily forms stable complex compounds
with Al in acidic water. With increasing pH, the contents of
NaF, MgF*, and CaF" increase gradually, and weakly alkaline
water bodies are dominated by ionic F~ (Li X. et al., 2016; Hao
et al., 2022).

According to Fuge (2019) and Savenko and Savenko, (2020),
the average fluorine concentration in unpolluted surface
freshwaters worldwide is relatively low, ranging from <
0.05 to 1.6 mg/L, with a median of 0.1 mg/L. Fluoride in
water has long been a matter of concern mainly because of
the local health risks posed by excessive intake of fluoride.
Scholarly attention to this issue has also mainly focused on
the
groundwater, along with health risk assessment (Ozsvath,
2009; Ghosh et al., 2013; Feng et al, 2020; Liu et al., 2021;
Masood et al., 2022; Wu et al., 2022). Recent research has found

high fluoride levels in groundwater widely distributed in the

source and enrichment mechanism of fluoride in

north, northeast, and northwest regions of China, mainly in
shallow groundwater (He et al., 2020). In practical terms, the
concentration of fluorine in water is affected by many factors,
such as pH, dissolution and precipitation of fluorine-bearing
minerals, the ion exchange process, evaporation, and so on. In
alkaline water, HCO;™ and OH™ are more likely to replace the
adsorbed or isomorphic fluorine ions in clay, mica, and other
fluorine-bearing minerals, resulting in increasing fluorine
concentrations in surface water (Wenzel and Blum, 1992;
Deng et al.,, 2011; Emenike et al., 2018).

Unfortunately, at the surface watershed scale, especially in
terms of the high geological background area of fluorine in
Southwest China, the migration and transformation process of
fluorine in the surface water system has received inadequate
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scholarly attention. The endemic fluorosis area, represented by
the Bijie region in Southwest China, has a high soil fluoride
content of 5,979 mg/kg (Wang et al., 2021). Furthermore, in the
medium-to high-sulfur coal mining area of southwest China, the
weathering of sulfide-rich coal-bearing strata can produce serious
acid pollution in surface water (Zhang et al., 2021; Huang et al.,
2022). The fluorine content in acid mine drainage (AMD) from
the Zhijin mining area in Guizhou has been reported to be as high
as 4.94 mg/L (Li X. et al, 2016). However, many factors are
known to affect the geochemical process of fluorine in acidic
water, and systematic research examining this topic remains
scarce (Deng et al., 2011; Miguel et al., 2017). Therefore, the
release of fluorine in the process of surface soil leaching may have
a notable impact on the enrichment of fluorine in surface
watershed water (Wenzel and Blum, 1992).

Thus, a typical small watershed in Jinsha County, Guizhou
Province, which is controlled by the superposition of weathering
and erosion of carbonate rocks and coal-bearing strata, was
selected as the research object for this study. In the study
area, we conducted a systematic collection and analysis of
hydrochemical samples in different seasons in the watershed
in order to reveal the temporal and spatial distribution
characteristics of fluorine in the river water, as well as to
clarify ~ the
characteristics in the process of surface water migration.

sources,  migration, and  transformation

2 Materials and methods
2.1 Overview of the study area

The Huatan River is located at east longitude
106°29'10"-106°42'24"and north latitude 27°20'43"-27°26'4",
at an altitude of 760-1,095m. This narrow and long
watershed is a secondary water system in the middle and
lower reaches of the Wujiang River.

The terrain is high in the southwest and low in the northeast.
The river under consideration empties into the Pianyan River in
the east. The drainage area is 321 km?, the total length of the river
is 59 km, the natural drop is 220m, the average gradient is 5.7%o,
and the annual average runoff is 130 million m®. On the left bank
of the river are three tributaries with catchment areas greater
than 20 km”. The Huatanhe Reservoir is located upstream of the
study area and is an important local drinking water source. The
Huatan River Watershed is characterized as the subtropical
monsoon humid climate zone, featuring a mild climate,
of 1,057 mm,
temperature of 15.1°C, and annual average sunshine of

annual average rainfall annual average
1,120.2 h. Due to the development of karst landforms, funnels,
peaks, depressions, sinkholes, ambushes, and natural bridges are
omnipresent.

The geotectonic position of the study area is located in the

northeast structural deformation area of Bijie, Zunyi fault arch of
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FIGURE 1

The regional geology and sampling point distribution of the Huatan River (€,_sls: Cambrian Loushanguan group; Pyl: Permian Liangshan
Formation; Pym: Permian Maokou Formation; P,l: Permian Longtan Formation; P,c: Permian Changxing Formation; Tyy: Triassic Yelang formation;

Tyyn: Triassic Yongningzhen formation).

the Yangtze paraplatform, and Qianbei platform uplift. The
structural features are mainly NE trending folds and fault
zones, forming a barrier fold combination of wide and gentle
anticlines and tight and narrow synclines. The area includes two
groups of fault structures: NE trending and nearly EW trending.

The exposed strata in the study area include the lower
Permian Maokou Formation (P;m), the upper Longtan
Formation (P,l), the Changxing Formation (P,c), and the
lower Triassic Yelang Formation (T,y). Lithologically, the
strata mainly comprise carbonate rocks and clastic rocks.
Carbonate rocks mainly include the Permian Qixia Formation
(P1q), Maokou Formation (P;m), Changxing Formation (P,c),
Triassic Yelang Formation (T,y), and Yongningzhen Formation
(Tyyn). Specifically, the Longtan Formation is a coal-bearing rock
series, with a thickness of about 95-110 m, containing 4-8 coal
layers, and the coal is medium-sulfur anthracite. The Andi
anticline is the primary coal controlling structure in the study
area. The strata are monoclinal, and the occurrence is relatively
stable. In the southeast wing of the anticline structure are many
coal mines, such as the Huixin Coal Mine, the Yutiancheng Coal
Mine, the Hongxing Coal Mine, the Hebian Coal Mine, and the
Changsheng Coal Mine.

2.2 Sample collection and analysis

For the purposes of this study, we chose 18 sampling points
in the Huatan River. One sampling point in the stream was
affected by AMD (Figure 1). From August 2020 to November
2021, 13 time points of water samples were collected month by
month. In addition, two groups of atmospheric precipitation
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samples were collected in June and August 2021. During
sampling, pH, water temperature (T/°C), conductivity (EC),
and other variable parameters were recorded on site. The
instrument used was the YSI Pro Plus multiparameter water-
quality analyzer. Before sampling, the instrument electrodes were
calibrated in advance. All samples collected were filtered through
a 0.45 um nylon membrane. Nitric acid was added to each
subsample for cation analysis to adjust the pH < 2.0. Each
subsample for anion analysis was filtered without reagent and
stored in a 50 ml centrifuge tube. All samples were kept in the
refrigerator at 4°C until analysis.

Anions, including F~, CI', NO5~, and SO,*, were measured
using the Dionex ICS-90 Ion Chromatography system (Dionex
Corporation, Sunnyvale, CA, United States), while Ca**, Mg**,
Na*, K, and soluble SiO, were determined via the Vista MPX
inductively coupled plasma optical emission spectrometer
(ICP-OES; Varian, Inc., Palo Alto, CA, United States). Blank
samples, parallel samples, and standard samples were added for
quality control, and the charge conservation was controlled
within + 5%.

3 Results

The collected data revealed that the pH of the Huatan River
was low in summer and autumn (rainy season) and high in
winter and spring (dry season). The pH range was 7.47-8.96
(Table 1), and the average value was 8.19, which is generally weak
alkaline. The pH in the stream (W11) affected by AMD was
always acidic throughout the year, with a range of variation of
4.95-6.91 and an average of 6.43.
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FIGURE 2
Variation characteristics of fluorine content along the Huatan
River Basin.

In terms of fluoride concentration, the annual variation range
was 0.11-0.40 mg/L (Table 2), with an average of only 0.20 mg/L:
Far lower than the limit of 1.0 mg/L for fluoride concentration in
drinking water but higher than the average level of unpolluted
rivers in the world. In the stream affected by AMD (W11), the
concentration of fluorine varied from 0.45 to 1.54 mg/L, with an
average of 1.05mg/L, which was significantly higher than the
concentration of fluorine in the Huatan River (Figure 2). In terms
of spatial scale, the concentration of fluorine in the Huatan River
Watershed demonstrated a gradually increasing trend from
upstream to downstream. This finding may be explained by the
location of mining activities in the basin, which are mainly in the
middle and lower reaches. In terms of time scale, differences in
fluorine concentration levels were not very obvious. According to
the average level in the watershed, the rainy season was more than
0.20 mg/L, while the dry season was less than 0.20 mg/L.

4 Discussion

4.1 Relationship between fluorine content
and hydrochemical parameters

Previous studies have shown that pH drives the form
transformation of fluorine in water and is also an important
factor affecting the adsorption and desorption of fluorine on the
surface of clay minerals. According to Wenzel and Blum (1992),
the solubility of fluorite is the smallest when the pH value is
6.0-6.5. Under acidic conditions, the hydroxyl groups on the
surface of metal oxides and hydroxides (Al,O;, Fe(OH),) are
easily replaced by ionic F~ (Li et al, 2015; Li et al, 2018).
Meanwhile, under alkaline conditions, the adsorbed F~ on the
surface of silicate minerals will be replaced by HCO3;™ and OH,
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increasing the content of F~ in water (Parfitt and Russell, 1977;
Bhatnagar et al., 2011; Mukherjee and Singh, 2020).

The current study findings revealed that the fluorine content
in the AMD water
pH decreased; in contrast, the fluorine content in the Huatan

samples significantly increased as
River water samples remained stable and did not increase as
pH increased (Figure 3A). This observation indicates that the
influence of pH on the resolution of adsorbed fluorine on the
surface of silicate minerals in the watershed was limited.
Theoretically, summer and autumn are rainy seasons with
higher temperatures. Dilution from rainwater should result in
a lower concentration of fluorine in river water than in dry
seasons. However, as Figure 3 (b) shows, the concentration of
fluorine in the Huatan River was higher in the rainy season than
in the dry season. This observation may reflect the enhanced
leaching and dissolution of fluorine-containing minerals in the
rainy season. In addition, as can be seen in Figure 3, EC, SO,%,
HCO;, Ca**, and soluble SiO, had no noteworthy correlation
with fluorine. Obviously, the impact of these parameters in terms
of fluoride levels in the river water was limited.

4.2 Hydrochemical composition of the
huatan river

Hydrochemical composition of bodies of water often inherits
the chemical composition characteristics of the bedrock in the
source area (Gaillardet et al., 1999; Li Q. et al., 2016). Based on the
ion ratio analysis of Na Standardization (Figure 4A), the
hydrochemical composition of the river water in the Huatan
River Watershed was primarily controlled by the dissolution of
carbonate rocks and silicate rocks, and the influence of evaporates
was weak. This finding is consistent with the geological background
that carbonate rocks and coal-bearing rock series are widely
distributed in the study area. According to the molar ratio of
Mg/Ca and Na/Ca, the chemical composition of the river water in
the Huatan River Watershed also demonstrated the common
influence of dolomite and limestone (Figure 4B). Therefore,
fluoride in carbonate rock and silicate rock may have been the
dominant source of fluoride in the river water. Previous studies
have also shown that carbonate-bound fluorine may be a
predominant form of fluorine (Xu and Luo, 2008; Peng et al., 2021).

We sought to further reveal the impact of bedrock weathering
and erosion on the chemical composition of river water in the
watershed by mapping ion-equivalent concentrations of Ca**+Mg>"
and HCO;™ + SO4* and stoichiometric analysis. From the results
presented in Figure 5A, it can be seen that most of the data points are
located above the 1:1 evolution line, indicating that the dissolution of
carbonate rocks and gypsum had a crucial impact on the chemical
composition of the river water. Most of the data points are
distributed above the evolution line, indicating the influence of
additional HCO;™ and SO4> supplements. Meanwhile, in Figure 5B,
after deducting the influence of the carbonate dissolution process
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(Ca>+Mg**-0.5* HCO5"), most data points fall near the 1:
1 evolution line, which further confirms that gypsum dissolution
contributed a large quantity of SO4> at the experimental site.

It is generally believed that Cl~ mainly comes from
atmospheric precipitation and the dissolution of evaporates
(Gaillardet et al.,, 1999; Zhong et al., 2017). Since the molar
concentration ratio of Cl” to Na* in atmospheric precipitation
is close to 1:1, it can be derived from Figure 5C that the
content of Na* in the Huatan River was much higher than that
of CI". Therefore, it is unlikely that Na* was mainly introduced

Frontiers in Environmental Science

by from atmospheric precipitation. Considering that the
contribution of evaporation was also minimal, Na* more
likely resulted from the ion exchange process and the
dissolution of silicate minerals such as clay. The problem is
that the dissolved SiO, component in Figure 5D seems to have
exerted a limited impact on fluorine in the Huatan River.
Therefore, even if an extensive dissolution process of silicate
minerals was occurring in the watershed, the release of
adsorbed fluorine from clay minerals was not the principal
source of fluorine in the Huatan River.
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(A) Relationship between Cl™ and F~; (B) F7/Cl™ versus F~ in the Huatan River.
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4.3 Sources of fluorine in the huatan river

CI” and F~ are halogens with very similar chemical properties.
As illustrated in Figure 6A, a certain correlation existed between Cl-
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and F~ in the river water of the Huatan River Watershed. The two
rainwater samples collected in June and August 2021 revealed
concentrations of 002mg/L and 0.07 mg/L,
respectively; meanwhile, the concentration of fluorine in the

of fluorine
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TABLE 1 pH data of river water in different months in the Huatan River Basin.

Date 20.08  20.11 20.12  21.01 21.03  21.04
position

HT1 8.13 7.83 8.14 8.28 8.76 8.59
HT2 7.55 7.94 8.03 7.99 8.11 8.38
HT3 7.86 8.09 827 833 8.34 8.46
HT5 7.98 832 8.46 8.59 8.49 8.67
HT6 7.92 8.24 8.26 8.53 8.45 8.61
HT7 7.93 8.30 8.40 8.44 8.39 8.69
HT8 7.88 835 8.41 8.41 8.32 8.68
HT9-1 8.41 843 8.54 8.38 8.56
HT9 7.53 8.05 8.16 8.26 8.20 8.61
HT9-2 8.22 8.27 8.32 831 8.71
HT10 8.13 833 8.34 8.41 8.38 8.70
HT11 7.92 8.37 8.40 8.46 8.34 8.37
HT12 7.95 8.39 8.41 851 832 8.50
HT13 8.04 8.27 8.34 8.42 8.19 8.43
HT14 8.22 829 8.39 8.36 8.62 8.67
HT15-1

HTI15 8.24 8.15 8.24 8.68 8.77
HT16 8.32 8.12 8.11 8.24 8.73 8.92
Wil 6.17 6.81 6.74 691 6.58 6.74
AVE. 7.97 8.22 8.29 8.37 8.41 8.61

Huatan River varied from 0.11 to 0.40 mg/L, with an average of
0.20 mg/L. Therefore, although atmospheric deposition should have
contributed a certain amount of exogenous fluorine to the Huatan
River, it was not the river’s main source of fluorine. Prior research

Frontiers in Environmental Science

08

100 : y ; i
0.00 0.20 0.40 0.60 0.80 1.00
CI/(CIH+HCO5)
21.05 21.06 21.07 21.08 21.09 21.10 21.11
8.58 7.68 8.96 7.48 7.64 7.47 7.79
8.15 7.60 7.83 7.79 7.81 7.74 7.56
8.15 7.72 8.03 7.88 7.95 7.87 7.93
7.80 7.68 7.90 7.66 8.08 8.09 8.21
8.16 7.74 8.01 7.72 7.99 8.09 7.90
8.34 7.90 8.22 7.96 8.18 8.16 8.16
8.37 7.78 8.21 7.49 8.20 8.19 8.16
8.52 7.84 8.26 8.10 8.25 8.14 8.18
8.41 7.66 8.08 7.92 8.02 8.00 7.91
8.43 7.99 8.21 7.89 8.22 8.20 8.16
8.41 8.08 8.27 7.91 8.25 8.20 822
8.49 8.07 8.17 7.83 8.25 8.21 8.30
8.52 8.06 8.23 7.84 8.26 8.23 8.25
8.17 8.06 8.24 7.85 8.16 8.02 8.09
8.20 8.14 8.27 7.94 8.30 8.24 8.30
8.29 7.80 8.01 8.02 8.11
8.72 831 8.38 8.16 8.07 7.85 7.90
8.49 8.35 8.66 8.26 8.26 7.72 7.90
6.72 6.02 6.46 495 6.33 6.59 6.63
8.35 7.92 8.23 7.86 8.11 8.02 8.06

has shown that during the process of evaporation, the molar
concentrations of CI” and F~ increase in the same proportion; in
contrast, the process of dissolution of fluorine-bearing minerals
results in an increased concentration of F-, while the concentration
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TABLE 2 Data of fluorine concentration in different months in Huatan River Basin (mg/L).

Date
position

HT1
HT2
HT3
HT5
HTé6
HT7
HTS8
HT9-1
HT9
HT9-2
HT10
HTI11
HTI12
HT13
HT14
HT15-1
HT15
HT16
Wil
AVE.
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0.19 0.18 0.18 0.25 0.19
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0.21 0.20 0.18 0.20 0.18
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(A) Plot of F~ concentration versus §**0; (B) Plot of F~ concentration versus D-excess.

of CI” remains stable (Olaka et al., 2016). In light of those previous
findings, evaporation was not the main process that induced an

increase in fluorine concentration in the surface water in the

watershed under consideration. Therefore, the fluorine in the

Huatan River may be mainly attributed to the dissolution of

fluorine minerals in the watershed (Figure 6B.

Frontiers in Environmental Science

4.4 Dissolution and ion exchange of
fluorine-bearing minerals

To date, the known fluorine-bearing minerals include
fluorite  (CaF,), fluorapatite (Cas(PO,4);F), magnesium
fluoride (MgF,), aluminophosphate (AIPO4(F, OH)), and
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others, totaling more than 80 kinds (Deng et al., 2011; Barathi
etal., 2019). Under alkaline conditions, the supersaturated state
of calcite, dolomite, and other carbonate minerals will promote
the reduction of Ca** and Mg** concentration and accelerate the
dissolution of fluorite, fluorapatite, and other fluorine-bearing
minerals, leading to increasing F~ concentration [Eqs. 1-3]
(Chen et al.,, 2020; Zhang et al.,, 2021; Hao et al., 2022).

CaF, + 2HCO; — CaCO; + 2F~ + H,0 + CO, (1)
CaF, + H,0 + CO, (g) — CaCO; + 2F + 2H* )
Cas (PO,),F + OH™ — Cas (PO,),OH + F~ 3)
CaF, + SO + 2H,0 — CaSO,#2H,0 + 2F (4)

The results of the saturation index show that the dissolution
of fluorite in the Huatan River Watershed had not reached a
saturation state (Figure 7). Calcite revealed supersaturation,
which
fluorapatite, and other fluorine-bearing minerals. Furthermore,

obviously accelerated the dissolution of fluorite,

as F~ concentration increased, the saturation index of fluorite
demonstrated the law of synchronous increase. Consequently,
the dissolution of fluorite can be deemed a vital source of fluorine
in the watershed.

In addition, according to Eq. 4, high concentrations of SO,*
can promote the dissolution of fluorite (Shao et al., 2021; Hao
et al, 2022). In the Huatan River Watershed, gypsum also
demonstrated an unsaturated state. Mining development in the
study area caused the oxidation of a large number of sulfides
and transported a large amount of SO,* into the Huatan River,
which obviously further promoted the dissolution of fluorite.

The chloro-alkaline index (CAI-1 and CAI-2) can be used to
estimate the exchange process between main cations in water
(Magesh et al., 2020; Hao et al., 2022). When CAI-1 and CAI-2
are less than 0, Ca** and Mg”* in water tend to exchange with Na*
and K" in silicate minerals. When both CAI-1 and CAI-2 are > 0,
Na* and K* in water tend to exchange with Ca** and Mg*" in
carbonate minerals. Thus, Figure 7A reveals an obvious trend in
terms of Ca** and Mg®" in water replacing Na* and K" in silicate
minerals in the Huatan River Watershed. This conclusion is
observably consistent with the view in Figure 5C. Hence, this
process can be considered conducive to the release of adsorbed F~
from silicate minerals.

4.5 Evaporation and leaching in the huatan
river watershed

A Gibbs diagram is useful for describing the three processes that
control changes in water chemical composition: Evaporation,
atmospheric rainfall, and water-rock interactions (Li et al., 2015;
Li Q. etal, 2016). A perusal of Figure 8A reveals that the impact of
atmospheric precipitation and evaporation on the hydrochemical
composition of the Huatan River Watershed is minimal. Under the
condition where TDS remains basically unchanged, the Na/(Na +
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Ca) ratio maintains a wide variation range, simply reflecting the
process of Ca®" and Mg** replacing Na* and K" in silicate minerals,
as shown in Figure 7A, in which CI/(CI'+HCO5") remains stable.

Evaporation is a notable means of oxygen isotope
fractionation in surface water. When strong evaporation is
taking place, the oxygen isotope composition becomes heavier,
and the F~ concentration in the water body also increases
of
evaporation, because the enrichment of 'O is higher than
that of D, the D excess will be less than 10%o0 (Chen et al.,
2021; Mandal et al., 2021; Pant et al., 2021). In addition, during
the leaching process, the concentration of F~ increased; however,

synchronously. At the same time, in the process

the variation of §'*0O was limited.

In order to further reveal the influence of evaporation and
leaching on F~ enrichment in the watershed, we analyzed the
hydrogen and oxygen isotopic composition of water samples in
August, September, and November 2021. Figure 9 illustrates the
evaporation and leaching processes. As can be observed from the
figure, both evaporation and the leaching process had a certain
impact on the enrichment of F~ in the watershed; moreover, the
impact of the leaching process was more obvious. This
conclusion is consistent with the F-CI
(Figure 6B) and Gibbs diagram (Figure 7).

molar ratio

5 Conclusion

The annual variation range of fluorine concentration in the
Huatan River Watershed is 0.11-0.40 mg/L, with an average of
0.20 mg/L. In terms of seasonal variation characteristics, the
fluorine concentration was higher in the rainy season than in
the dry season. The fluorine concentration in the Huatan River
also showed spatial variation, increasing gradually along the flow
direction; that said, the impact of AMD input on fluorine
concentration in the watershed was limited. The water
chemical composition of the Huatan River Watershed was
generally controlled by the dissolution of carbonate and
silicate rocks, and the influence of evaporation was weak.
Lastly, the Huatan River Watershed revealed an obvious
process where Ca®* and Mg®* was replacing Na" and K' in
silicate minerals.

The dissolution of fluorite and other fluorine-bearing minerals
was determined to be a major source of fluorine in the watershed
water. Meanwhile, atmospheric precipitation contributed an
observable share of fluorine to the Huatan River Watershed.
According to the results of the saturation index calculation, the
dissolution of fluorite in the Huatan River Watershed was not
saturated, and calcite was in a supersaturated state, which was
conducive to the dissolution of fluorite, fluorapatite, and other
fluorine-bearing minerals. Thus, albeit both evaporation and the
leaching process had an evident impact on the enrichment of F~ in
the watershed, the influence of the watershed scale leaching process
was more obvious.
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