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Abstract
The Hotan region is located in the southwestern part of Xinjiang, characterized
by an arid climate and scarce precipitation. Groundwater serves as an impor-
tant drinking water source in the Hotan region, making the investigation of
fluoride distribution and genesis in groundwater of great significance to human
health. Based on 217 sets of shallow groundwater quality test results from the
Hotan region, Xinjiang, spanning 2002–2018, this study employs GIS technol-
ogy, mathematical statistics, Gibbs diagrams, and hydrogeochemical simulation
methods to investigate the spatiotemporal distribution characteristics and for-
mation processes of fluoride in shallow groundwater in the Hotan region. The
results indicate that fluoride concentrations in groundwater in the study area
range from 0.05~16.95 mg・L-1, with a mean value of 1.38 mg・L-1, and an
exceedance rate as high as 36.1%. In the horizontal direction, high-fluoride
groundwater is sporadically distributed in small areas; in the vertical direc-
tion, fluoride content exhibits a decreasing trend with increasing well depth.
Groundwater fluoride content shows an increasing trend over time. Fluoride in
groundwater is related to the hydrochemical environment, wherein high alkalin-
ity and HCO-3 concentration increase the solubility of fluoride in groundwater.
In addition to hydrogeological conditions and the hydrochemical environment,
intense evaporation and concentration, water–rock interaction, and cation ex-
change adsorption control the migration and enrichment processes of fluoride in
the groundwater system.
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Abstract: Hotan Prefecture is located in southwestern Xinjiang and is charac-
terized by a dry climate with sparse rainfall. Groundwater serves as a crucial
drinking water source in this region, making it essential to investigate the distri-
bution and genesis of fluorine in groundwater for public health protection. Based
on 217 sets of shallow groundwater quality test results from Hotan Prefecture,
Xinjiang, collected between 2002 and 2018, this study examines the spatiotempo-
ral distribution characteristics and formation mechanisms of fluoride in shallow
groundwater using GIS technology, mathematical statistics, Gibbs diagrams,
and hydrogeochemical simulations. The results indicate that fluoride concen-
trations in groundwater range from 0.05~16.95 mg・L−1, with a mean value of
1.38 mg・L−1, and an exceedance rate of 36.1% relative to the national drinking
water standard. Horizontally, high-fluoride groundwater occurs sporadically in
small patches; vertically, fluoride content decreases with increasing well depth.
Over time, groundwater fluoride concentrations show an increasing trend. Fluo-
ride exhibits a clear relationship with the hydrochemical environment, wherein
high alkalinity and HCO3

− concentrations enhance fluoride solubility. In addi-
tion to hydrogeological conditions and the hydrochemical environment, strong
evaporation concentration, water-rock interactions, and cation exchange adsorp-
tion collectively control fluoride migration and enrichment in the groundwater
system.

Keywords: Hotan Prefecture; high-fluoride groundwater; cause analysis; hy-
drogeochemical model

1.1 Study Area Overview

Hotan Prefecture is situated in southwestern Xinjiang, bordering Bayingolin
Mongol Autonomous Prefecture to the east, Kashgar Prefecture to the west,
the northern Tibetan Plateau across the Kunlun Mountains to the south,
and extending into the hinterland of the Taklamakan Desert to the north.
The region spans 34°33�~39°66�N and 77°39�~84°91�E, covering a total area of
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24.78$×10^{4}$ km2, which accounts for 15% of Xinjiang’s land area. The
area experiences frequent sandstorms and floating dust in spring, with hot and
dry summers, characteristic of a temperate continental arid climate. Annual
precipitation ranges from 35.6 mm in the northern desert area to 120 mm in
the southern mountainous region, while annual evaporation varies between
2159~3137 mm. The dryness index exceeds 20, and temperatures decrease from
12.5 °C in the southern mountains to 9.4 °C in the northern desert.

Geologically, the central plain of Hotan Prefecture spans two tectonic units:
the Southeast Depression and the Hotan Depression, primarily exposing Neo-
gene and Quaternary strata. The depressions contain massive Quaternary loose
deposits that provide excellent aquifer storage space. In the upper alluvial-
proluvial plain, the sediments consist of sandy gravel and cobble, hosting uncon-
fined groundwater with abundant yields. The middle section comprises sandy
gravel and coarse sand containing alluvial-proluvial pore water, while the lower
section consists of fine sand and silt with multi-layer unconfined-confined ground-
water, mainly distributed in the front edge of the Keriya River alluvial-proluvial
plain with moderate water yields.

Groundwater recharge in the southern mountainous and low hilly areas of Hotan
Prefecture is minimal from precipitation infiltration, primarily receiving contri-
butions from bedrock fissure water. The piedmont plain area is mainly recharged
by surface water leakage, while the desert region, being extremely arid with in-
tense evaporation, relies solely on subsurface flow from upstream areas. The
general groundwater flow direction is from south to north, with the hydraulic
gradient gradually decreasing and flow velocities slowing. Evapotranspiration
from phreatic water and artificial extraction constitute the primary discharge
mechanisms.

1.2 Groundwater Sample Collection and Testing

Between 2002 and 2018, 217 shallow groundwater samples were collected in
Hotan Prefecture, including 126 unconfined water samples and 91 shallow con-
fined water samples. The sampling density was 1.0~1.6 sites per 100 km2, with
the 2018 sampling campaign covering an area of 12,937 km2. This density fully
meets the requirement of 1.0~1.6 sites per 100 km2 for groundwater quality
monitoring in over-exploited inland basin plain areas as specified in the Ground-
water Monitoring Standard (SL183-2005). Sample collection, preservation, and
submission strictly followed the Technical Specifications for Groundwater Envi-
ronmental Monitoring (HJ/T164-2004).

The 2018 water samples were analyzed at the laboratory of the Second Hy-
drogeological and Engineering Geological Brigade of the Xinjiang Bureau of
Geology and Mineral Resources, while the 2002 samples were tested at the Min-
eral Water Testing Center of the Institute of Hydrogeology and Environmental
Geology, Chinese Academy of Geological Sciences. Analysis included K+, Na+,
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Ca2+, Mg2+, Cl−, SO4
2−, HCO3

−, total hardness (TH), total dissolved solids
(TDS), pH, and fluoride concentration. Data reliability was verified using the
charge balance error percentage method for anion-cation balance, with all sam-
ples showing errors |CBE| < 5%, indicating high data quality.

Given the larger dataset from 2018, subsequent analyses primarily utilize 2018
data, with same-location data used to characterize interannual fluoride varia-
tion. Data organization and statistical analysis were performed using Excel,
while sampling point distribution maps and fluoride concentration spatial dis-
tribution maps were generated using Surfer. Piper diagrams were created using
Grapher software. Correlation analysis between fluoride and various ions was
conducted using Origin, and saturation indices were calculated and inverse hy-
drogeochemical modeling performed using Phreeqc.

2.1 Groundwater Chemical Characteristics and Fluoride Content Lev-
els

Based on 2018 data for major hydrochemical parameters in Hotan Prefecture
groundwater (Table 1), pH ranges from 7.01~9.63, indicating weakly alkaline
conditions. TDS varies from 414.91~41282.73 mg・L−1, classifying the water as
primarily brackish. Cation mass concentrations follow the order Na+ > Ca2+

> Mg2+ > K+, while anion mass concentrations show Cl− > SO4
2− > HCO3

−.
Except for Na+ and Cl−, other ions exhibit large variation coefficients, indicating
extremely uneven spatial distribution.

The Piper trilinear diagram (Figure 2) reveals that both unconfined and shallow
confined water samples plot in the lower right corner for cations, dominated by
Na+ and Ca2+, while anions cluster in the middle-right portion, primarily as
Cl・SO4. This indicates that shallow groundwater in the study area is mainly
influenced by evaporite weathering. Unconfined water chemistry types are pre-
dominantly Cl・SO4-Na・Ca and Cl・SO4-Na・Mg, while shallow confined water
is primarily SO4-Na・Mg and Cl-Na.

Fluoride concentrations in Hotan Prefecture groundwater range from 0.05~16.95
mg・L−1, with a mean of 1.38 mg・L−1, exceeding the 1.0 mg・L−1 limit in China’
s Standards for Drinking Water Quality. The variation coefficient of 164.7%
indicates highly uneven distribution. A total of 43 samples (36.1%) exceed the
fluoride standard. As shown in Table 2, unconfined HCO3・Cl・SO4-Na・Ca type
water has the lowest mean fluoride content (0.59 mg・L−1), while Cl・SO4-Na・
Ca type has the highest (2.60 mg・L−1). For confined water, SO4-Na・Mg type
shows the lowest mean fluoride (0.68 mg・L−1), while Cl・SO4-Na・Mg type
has the highest (6.68 mg・L−1). High-fluoride water is characterized by higher
mineralization and weak acid anion concentrations exceeding strong acid anions,
whereas confined water shows the opposite pattern. This demonstrates that
fluoride migration and enrichment are influenced by multiple factors, primarily
evaporation concentration and ion exchange adsorption.
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2.2.1 Horizontal Distribution

The spatial distribution map of fluoride content in 2018 (Figure 3) shows that
groundwater with fluoride <1.0 mg・L−1 dominates the study area, with high-
fluoride groundwater distributed sporadically in small patches. High-fluoride
zones in unconfined water occur in every county, but Minfeng, Yutian, Lu-
opu, Hotan City, and Moyu counties exhibit particularly high concentrations
over larger areas. Groundwater with fluoride <1.0 mg・L−1 is mainly found
near southern river outlets where aquifer media have relatively large particles,
groundwater flow is rapid, and the area is controlled by geomorphic lithofacies
belts with deep water tables and minimal evaporation. Additionally, surface wa-
ter recharge (fluoride content 0.5~0.7 mg・L−1) dilutes fluoride concentrations in
these areas. Shallow confined water high-fluoride zones are primarily distributed
in Minfeng County, with minor distribution in Yutian County. Overall, fluoride
content is similar across counties, with only Minfeng showing notably elevated
levels.

2.2.2 Vertical Distribution

Analysis of 2018 data reveals a correlation between fluoride content and well
depth (Figure 4). Fluoride concentrations initially increase then decrease with
depth, with high-fluoride groundwater mainly occurring within 10~40 m depth,
though some high-fluoride points also appear at 40~100 m depth. This indicates
hydraulic connectivity between aquifers, likely due to leakage from overlying
aquifers and lateral recharge from mountain front precipitation.

2.3 Interannual Variation Characteristics

To characterize interannual fluoride variation, seven groups of same-location un-
confined water samples were compared (Table 4). Results show that five groups
exhibit increasing fluoride trends, with three showing substantial increases and
two exceeding 1.0 mg・L−1. One group shows decreasing fluoride content, while
another demonstrates an initial increase followed by decrease, indicating fluoride
contamination risks in some areas.

2.4 Relationship Between Fluorine and Hydrochemical Environment

Fluoride content is closely related to the hydrochemical environment, with differ-
ent chemical components influencing fluoride occurrence and evolution. Pearson
correlation analysis (Table 5) shows fluoride is significantly correlated with Na+,
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HCO3
−, TDS, and pH at the 0.01 level (two-tailed), and with Ca2+ and Mg2+

at the 0.05 level. Research indicates that high alkalinity and HCO3
− concentra-

tions increase fluoride solubility. In Hotan Prefecture, high-fluoride groundwa-
ter has pH values of 7.01~9.63, indicating neutral to alkaline conditions where
fluoride concentrations increase with pH. Additionally, rising HCO3

− concentra-
tions enhance ionic strength, further increasing fluoride solubility. The positive
correlation between fluoride and TDS is significant when TDS < 4000 mg・L−1,
but becomes less pronounced at higher concentrations, suggesting salt effects
influence fluoride behavior within certain ranges.

The relationship between fluoride and Ca2+ varies regionally. In this study
area, the correlation is not significant, indicating other factors or processes may
disrupt the typical inverse relationship. When Ca2+ concentrations are high,
fluoride concentrations are also elevated, suggesting additional mechanisms fa-
cilitate fluoride entry into groundwater.

2.5.1 Evaporation Concentration Effect

Gibbs diagrams semi-quantitatively illustrate groundwater ion characteristics
and controlling mechanisms. Figure 6 shows that Hotan Prefecture groundwa-
ter samples have TDS > 100 mg・L−1 and plot primarily in the rock weathering
and evaporation concentration zones, with no samples in the atmospheric pre-
cipitation zone. This indicates that rock-water interactions and evaporation
concentration dominate groundwater chemistry, consistent with the region’s
arid climate.

2.5.2 Cation Exchange Adsorption

Cation exchange alters major cation concentrations and promotes fluoride re-
lease from fluorine-bearing minerals into groundwater. This process can be
evaluated using the chlor-alkali index (CAI). If both CAI-1 and CAI-2 are posi-
tive, Na+ in groundwater exchanges with Ca2+ and Mg2+ in the aquifer; if both
are negative, the reverse exchange occurs; values near zero indicate minimal
exchange. Larger absolute values indicate stronger cation exchange.

Figure 7 shows most samples have negative CAI values with large absolute
magnitudes, indicating Na+ in groundwater exchanges with Ca2+ and Mg2+

in the aquifer. This process facilitates fluoride dissolution, consistent with the
weak negative correlation between Ca2+ and fluoride.
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2.6.1 Component Distribution Model

Component distribution models, also known as ion complexation models, in-
vestigate the thermodynamic controls on fluoride concentrations and calculate
species equilibrium states through mineral saturation indices (SI). When SI > 0,
minerals are supersaturated; when SI < 0, they are undersaturated; and when
SI = 0, they are at equilibrium.

Figure 8 shows most groundwater samples plot in the saturation zones for
dolomite and calcite, indicating effective carbonate mineral interactions. Most
samples are supersaturated with respect to calcite (99.2%) and dolomite (98.3%),
showing precipitation potential that favors fluoride enrichment. Conversely,
99.2% of samples are undersaturated with respect to gypsum, allowing fluoride
to migrate and accumulate under suitable conditions. Although fluorite has low
solubility, calcite precipitation drives fluorite dissolution (Equation 1), consis-
tent with previous research.

𝐶𝑎𝐹2 + 2𝑁𝑎𝐻𝐶𝑂3 → 𝐶𝑎𝐶𝑂3 + 2𝐹 − + 2𝑁𝑎+ + 𝐻2𝑂 + 𝐶𝑂2

2.6.2 Reverse Path Model

Using ArcGIS to visualize fluoride spatial distribution (Figure 3), with color
intensity indicating fluoride concentration, and considering the general south-to-
north groundwater flow direction, two simulation paths were established (Figure
3). Hydrochemical data for points along these paths are presented in Table 6.
Common mineral phases including anhydrite, calcite, dolomite, fluorite, gypsum,
halite, and cation exchange were selected as potential reaction phases for inverse
modeling.

Reverse hydrogeochemical modeling results (Table 7) show that for unconfined
water along Path I, anhydrite and calcite precipitate while other minerals dis-
solve. Dolomite dissolution increases Ca2+ and Mg2+ concentrations, fluorite
dissolution releases fluoride, and gypsum dissolution enhances Ca2+ solubility.
Shallow confined water along Path II shows similar patterns, with mineral dis-
solution increasing Ca2+, Mg2+, and HCO3

− concentrations. Overall, ground-
water evolution in the study area is dominated by anhydrite and calcite precipi-
tation coupled with dissolution of dolomite, fluorite, and gypsum. The discrep-
ancy between dolomite dissolution in the model and saturation index calcula-
tions suggesting saturation may result from atmospheric CO2 dissolution during
groundwater flow and precipitation lag effects.
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3 Conclusions

1. Groundwater in Hotan Prefecture is weakly alkaline brackish water. Un-
confined water chemistry types are primarily Cl・SO4-Na・Ca and Cl・
SO4-Na・Mg, while shallow confined water types are mainly SO4-Na・Mg
and Cl-Na. Fluoride concentrations range from 0.05~16.95 mg・L−1, aver-
aging 1.38 mg・L−1, with an exceedance rate of 36.1%.

2. Fluoride distribution is controlled by groundwater recharge, flow, and dis-
charge conditions. High-fluoride groundwater occurs sporadically in small
patches in relatively low-lying areas of the central plain. Vertically, fluo-
ride content decreases with increasing well depth, with high-fluoride water
most likely occurring within 40 m depth. Fluoride concentrations show
an increasing trend over time.

3. The relationship between fluoride and the hydrochemical environment
demonstrates that high pH and HCO3

− concentrations increase fluoride
solubility. The region’s arid climate, strong evaporation concentration,
cation exchange adsorption, and water-rock interactions leading to min-
eral dissolution or precipitation collectively control fluoride enrichment in
groundwater.
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Figure 1: Figure 3

Figure 2: Figure 7
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Figure 3: Figure 8
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