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Abstract

Antimony (Sb) is a major environmental pollutant that is widely present in nature and possesses
toxicity and potential carcinogenicity. The mining of antimony ore can affect the quality of the water
environment and the safety of drinking water for residents in the area. Taking the Gaolinggou antimony
mining area in the Danjiangkou water source for the Middle Route of South-to-North Water Diversion
Project (MRSNWDP) in China as the research object, systematic hydrochemical samples and hydrogen
and oxygen isotope samples were collected for comprehensive hydrogeochemical analysis. The results
show that: (1) The pH range of surface water in the study area is 3.09-8.30, with a mean of 7.21,
indicating an overall neutral condition, while some local areas are acidic. The range of TH is 243.00-
439.00 mg/L, with a mean of 314.69 mg/L. The TDS ranges from 262.00 to 598.00 mg/L, averaging at
384.38 mg/L. The dominant cations are Ca*" and Mg, while the dominant anions are HCO," and SO >
. The hydrochemical types vary frequently in space, including HCO,-SO -Ca-Mg, SO,-HCO,-Ca-Mg,
HCO,-Ca-Mg, and SO,-Ca-Mg. For groundwater, the mean pH is 7.52, with TH and TDS ranging
from 269.00-542.00 mg/L and 291.00-652.00 mg/L, respectively, averaging at 426.67 mg/L and 504.67
mg/L, both slightly higher than those of surface water. The dominant cations and anions are Ca>" and
HCO;, respectively, with hydrochemical types mainly HCO,-Ca-Mg and HCO,'SO,-Ca-Mg. The mine
water has a pH value of 8.03, indicating a weakly alkaline condition with the highest TDS content. It is
rich in SO,*, Ca*> and Mg, and the hydrochemical type is SO,-HCO,-Ca-Mg. (2) The hydrochemical
characteristics in the study area are primarily controlled by rock weathering, with carbonate and
silicate weathering and dissolution as the main processes. Positive cation exchange occurs in the water

bodies. Surface water is significantly affected by mining activities, while groundwater is influenced
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by a combination of agricultural activities, domestic sewage, and mining activities. (3) In addition

to atmospheric precipitation and dissolution of salt rocks, the excess Na* in the water bodies mainly

originates from the dissolution of sodium-bearing silicates and the contribution of cation exchange

processes. Ca?* and Mg?* mainly originate from the weathering of carbonate rocks dominated by calcite

and the dissolution of gypsum. Carbonic acid and sulfuric acid both participate in the weathering

and dissolution of carbonate rocks. So,* and CI- are significantly influenced by mining activities. The

antimony in surface water is primarily influenced by the mining of antimony ore, with the average

concentration of antimony in the mining area being 6.4 times that of the mainstream of the Luohe River.

Meanwhile, the antimony in groundwater mainly originates from the lateral recharge of surface water.

The results can provide a reference for the water resource security assurance and rational development

and utilization of the MRSNWDP.

Keywords: antimony mining activity area, hydrochemical characteristics, control factors, cation exchange,

cluster analysis

Introduction

Antimony (Sb) is a widely occurring metalloid
element in nature and an internationally recognized
major environmental pollutant with toxicity and
potential carcinogenicity [1-5]. Many countries and
regions, including China, have listed it as a key
pollutant for prevention and control [6] or one of the
pollutants requiring priority treatment [7-9]. The
abundance of Sb in the Earth's crust is approximately
0.2 ug/g, primarily existing in the forms of Sb-
containing sulfides (Sb,S.) and oxides (Sb,0,). The Sb
concentration in uncontaminated water is less than 1
ug/L, and the Sb concentration in soil ranges from 0.3
to 8.6 ug/g [9-11]. Sb in soil and water environments
is primarily influenced by geological backgrounds and
human activities [12, 13]. The Sb flux changes on the
Earth's surface caused by human activities far exceed
the natural flux, accounting for 83% of the total flux,
with mining activities being the primary anthropogenic
source [14, 15]. Extensive research by scholars on
heavy metal pollution in soil and water environments
of typical antimony mining areas has revealed that the
mining, smelting, and storage processes of antimony ore
generate substantial pollutants, including waste slags
and wastewater. Through oxidation, leaching, and other
processes, antimony-bearing minerals release metallic
Sb and SO,* into freshwater systems, significantly
elevating Sb concentrations in the water environment.
This phenomenon has been observed in antimony
mining areas in various locations, such as Australia [16],
Albania [17], Iran [18], South Korea [19], and Hunan,
Guizhou, Guangxi, Yunnan, and Shaanxi provinces in
China [20-25]. Antimony mining areas, being the most
severely contaminated and affected by environmental
Sb pollution, pose significant challenges to the water
safety of local residents due to their contaminated water
environments. Consequently, a profound understanding
of the hydrochemical characteristics and formation
mechanisms in antimony mining areas is vital for
improving regional water environmental quality and
mitigating water-related environmental risks.

The formation and evolution of hydrochemical
components in water bodies are influenced by
a combination of factors, including geological
structures, stratigraphic lithology, climate, and human
activities [26—28]. Understanding these processes is
a key approach to studying regional water quality.
Currently, based on the theories of hydrogeology and
hydrogeochemistry, scholars systematically analyze
the hydrochemical characteristics, influencing factors,
and main ion sources of different water bodies using
multivariate statistical methods such as mathematical
statistics, Pearson correlation analysis, and hierarchical
cluster analysis. They also employ tools like Piper's
triangular diagram, Gibbs diagram, Na-endmember
diagram, and ion ratio relationships [29-36], providing
a vast array of theoretical knowledge and technical
methodologies for identifying the sources and evolution
patterns of regional hydrochemical components and
indicating the processes of water-rock interactions.

The study area is located upstream of the Danjiang
River Basin, which is the main water conservation
area for the Middle Route of the South-to-North Water
Diversion Project (MRSNWDP). The area is rich in
mineral resources, and long-term mineral resource
development has resulted in the disorderly stacking of
a large amount of waste residue, leading to prominent
phenomena of slag seepage, water inrush from mines,
and water quality in some tributary rivers exceeding
standards. In 2021, heavy rainfall caused multiple cases
of abnormal antimony concentrations in the Danjiang
River Basin. These primarily involved the Caiwa
Antimony Mine in Danfeng County, the Gaolinggou
Antimony Mine in Shangzhou District, and the
Luoyugou Antimony Mine in Shanyang County, posing
significant environmental risks to the water quality of
the basin. Therefore, this paper selects the Gaolinggou
Antimony Mine active area as the research object.
Based on the identification of regional hydrogeological
conditions, it explores the hydrogeochemical
characteristics and formation mechanisms using
hydrochemical and hydrogen-oxygen isotope data,
aiming to provide a scientific basis for ensuring water
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safety and the rational development and utilization of
the MRSNWDP.

Study Area

The antimony mining activity area of Gaolinggou
is administratively part of Shangzhou District,
Shangluo City, Shaanxi Province, China. The region
is characterized by continuous mountain ranges and
crisscrossing valleys, with a semi-humid monsoon
climate located at the southern fringe of the warm
temperate zone. The annual average temperature is
12.8°C, with the lowest temperature reaching -14.8°C
and the highest temperature soaring to 40.7°C. The
multi-year average precipitation is 694.5 mm, mainly
concentrated from July to September, resulting in
uneven rainfall distribution throughout the year. The
multi-year average evaporation is 1300.1 mm. The
terrain within the mining area is generally higher in
the southeast and lower in the northwest, characterized
by complex landforms and well-developed valleys.
It belongs to the medium-low mountainous landform
structure on the southern slope of the East Qinling
Mountains. The water system in the area belongs to the
Danjiang tributary of the Yangtze River system, with
the main river being the Luo River on the west side.
Other secondary valleys are developed, all of which
are first- or second-order tributaries of the Luo River,

spreading in a dendritic pattern. The tributaries flow
into Gaolinggou along valleys such as Yangpogou,
Zhaogou, and Chengchuigou, and then converge into
the Luo River from east to west, eventually joining the
Danjiang River near Changchuan New Village (Fig. 1).
The tectonic location of the study area is in the
Caledonian fold belt of the East Qinling Fold System
in the Qingi geosyncline, north of the Shangdan major
fault. The regional strata are deeply metamorphosed
with complex folds and faults. The exposed strata in
the area mainly include the Lower Proterozoic Qinling
Group (Ptqn®) graphite-bearing marble with gneiss,
Upper Triassic (Ts) carbonaceous silty slate with
sandstone, Tertiary (E) sandstone and glutenite, and
Quaternary (Q) gravel and sandy loam [37, 38]. The
main metallic mineral is stibnite; secondary minerals
include pyrite, antimonite, yellow stibnite, red stibnite,
and galena; gangue minerals include quartz, dolomite,
calcite, barite, graphite, and sericite [39]. The types
of groundwater in the area can be divided into four
categories based on occurrence conditions: (1) Loose
rock pore water, mainly distributed in river valleys,
floodplains, and terraces on both sides, with a small
distribution range. The aquifer is mainly composed
of Quaternary residual slope deposits and alluvial-
diluvial deposits, consisting of rock debris, gravel, sand,
and clay, with a thickness of 1-2m. It is permeable but
water-bearing, and weakly water-rich. (2) Clastic rock
pore-fissure water, distributed in the southern part of
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1-Groundwater, 2-Surface water, 3-Mine water, 4-Hydrogen and oxygen isotopes, 5-Loose rock pore water, 6-Clastic rock pore-fissure water,
7-Carbonate rock fissure-karst water, 8-Metamorphic rock fissure water, 9-Magmatic rock fissure water, 10-River, 11-Reservoir, 12-Study area.

Fig. 1. Geographical location and distribution of sampling points in the study area. (a) China's national geographical boundaries, with
the red section indicating the relative location of Shangluo City, which is located in the upstream water source area of the Danjiangkou
Reservoir, within China; (b) The administrative geographical boundaries of Shangluo City, with the red area indicating the study area;
(c) Simplified hydrogeological map of the study area and sampling point locations.
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Fig. 2. Piper diagram of the major ions in the study area.

the study area, with Tertiary sandstone and glutenite
as the lithology, and weakly water-rich. (3) Carbonate
rock fissure-karst water, widely distributed in the area,
with marble and graphite marble as the main lithology.
The rocks are hard, medium-thick layered, structurally
intact, with underdeveloped fissure-karst, and generally
weakly water-rich. (4) Bedrock fissure water, which can
be divided into metamorphic rock fissure water and
magmatic rock fissure water according to lithology,
structure, and geomorphic conditions. Metamorphic
rock fissure water is mainly distributed in the northern
part of the work area, with gray carbonaceous silty
slate with glutenite, two-mica gneiss, and biotite
plagioclase gneiss as the main lithology of the aquifer.
The rock fissures are relatively developed, with dripping
phenomena near fault zones or lithological boundaries,
and generally weakly water-rich. Magmatic rock fissure
water is distributed in the central part of the work area,
with a small distribution range. The main lithology of
the aquifer is plagioclase granite porphyry and medium-
coarse-grained granite. The rocks of this aquifer are
hard, structurally intact, with underdeveloped fissures,
and generally weakly water-rich. Groundwater in the
area is mainly replenished by atmospheric precipitation,
flowing from high to low towards wvalleys and
downstream, forming surface water in valleys.

Materials and Methods
Sample Collection and Analysis

In October 2023, a total of 13 surface water samples
(DB01-DBI13), 3 groundwater samples (DX01-DXO03),
and 1 mine water sample (KDO0l) were collected
within the study area, spanning from the upstream
Gaolinggou antimony mining area to the entrance to the
Danjiang River of the Luo River. Among these samples,
DBO03 represents surface water that has undergone
treatment at a wastewater treatment station, while
DBI10 and DBI3 are surface water samples collected
downstream of two separate emergency response
sites. Furthermore, a total of 9 hydrogen and oxygen
isotope samples were collected, comprising 3 samples
from surface water, 3 samples from groundwater, 2
samples from atmospheric precipitation, and 1 sample
from mine water (Fig. 1). Sample collection adhered
to the "Technical Specifications for Environmental
Monitoring of Groundwater" (HJ/T 146-2020). Water
quality analysis samples were collected and stored in
polyethylene plastic bottles (5 L), with the bottles and
lids rinsed multiple times before sampling. Hydrogen
and oxygen isotope samples were collected using brown
glass vials (10 ml), with syringes and filters employed
for the process. Immediately after sampling, labels were
affixed to the containers, clearly indicating sampling
time, sample number, and other relevant information.

The water quality analysis encompassed a range of
inorganic indicators, including pH, total hardness (TH),
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Table 1. Statistics of hydrochemical parameters of surface water, groundwater, and mine water in the study area.

Samples Index pH TH TDS K* Na* Ca* Mg* Clr SO,> | HCO, | NO,;
Maximum | 8.30 | 439.00 | 598.00 | 2.16 | 17.50 | 119.00 | 39.40 | 18.60 | 339.00 | 405.00 | 10.20

S\‘;]rafticre Minimum | 3.09 | 243.00 | 262.00 | 1.29 537 | 59.60 | 22.00 | 4.00 | 28.10 | 0.00 321
=13 Average | 7.21 |314.69 | 38438 | 1.58 | 8.85 | 8236 | 2723 | 7.12 | 162.10 | 19138 | 7.70
CV/% | 2477 | 22.63 | 2526 | 17.56 | 3520 | 27.94 | 2237 | 51.62 | 61.79 | 5838 | 26.14

Maximum | 7.72 | 542.00 | 652.00 | 2.96 | 25.70 | 150.00 | 40.50 | 36.30 | 132.00 | 464.00 | 70.90
Groundwater | Minimum | 7.41 | 269.00 | 291.00 | 159 | 694 | 69.20 | 2320 | 6.60 | 39.40 |270.00 | 8.67
n=3 Average | 7.52 | 426.67 | 504.67 | 2.46 | 1831 | 116.73 | 32.70 | 18.80 | 84.00 | 386.00 | 45.02
CV/% 234 | 33.13 | 3753 | 30.74 | 54.58 | 36.19 | 26.83 | 82.68 | 55.23 | 26.54 | 71.99

Mi“flzvlvater / 8.03 | 698.00 | 899.00 | 3.02 | 14.40 | 161.00 | 71.60 | 530 | 492.00 | 267.00 | 1.94

Note: pH is dimensionless; the unit for other ion mass concentrations is mg/L.

total dissolved solids (TDS), as well as specific ions
such as K*, Na*, Ca*, Mg*, CI, SO,*, HCO,, and NO,".
The pH and TDS were measured on-site using an AQUA
TROLL 400 portable multi-parameter water quality
analyzer. The remaining indicators were analyzed
by Shaanxi Geological and Mineral Experimental
Research Institute Co., Ltd. (Xi'an Mineral Resources
Testing Center of the Ministry of Natural Resources).
For TH, an electronic balance and burette were used
for the determination. The cations K', Na’, Ca*", and
Mg?" were measured using an Agilent 5110 Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-
OES). The anions CI, SO,*, and NO, were analyzed
with an ICSI1100 Ion Chromatograph. HCO, was

110°4'

determined through titration using a burette. The
hydrogen and oxygen isotope samples were analyzed by
the Analytical and Testing Research Center of Beijing
Research Institute of Uranium Geology, adhering to
the analytical methods for 2H and 'O outlined in the
"Methods for Groundwater Analysis" (DZ/T 0064-
2021). The measurements were performed using a MAT-
253 Gas Isotope Mass Spectrometer. The detection
limits and test results for all indicators met the quality
requirements, ensuring the accuracy and reliability of
the data obtained.
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Data Analysis Methods

SPSS 27 software was used to perform mathematical
statistics, Pearson correlation analysis, and cluster
analysis on the hydrochemical data. Origin 2021 and
ArcGIS 10.5 software were used to create diagrams,
including Piper trilinear diagrams, Gibbs diagrams,
ion ratio diagrams, and spatial distribution maps of
hydrochemical types.

Results and Discussion
Hydrochemical Characteristics
Characteristics of Hydrochemical lon Composition

The statistical results of hydrochemical parameters in
the study area are shown in Table 1. The results indicate
that there are certain differences in hydrochemical
parameters among different water bodies in the study
area. The pH range of surface water is 3.09~8.30, with
an average value of 7.21, indicating an overall neutral
condition, but some individual samples show strong
acidity. The TH ranges from 243.00 to 439.00 mg/L,
with an average of 314.69 mg/L, indicating that the
water is generally hard, while a few samples are slightly
hard. The TDS range is 262.00~598.00 mg/L, with an
average of 384.38 mg/L, classifying it as low-salinity
freshwater. The dominant cations are Ca®* and Mg*,
with their respective mass concentrations in descending
order: Ca** > Mg> > Na* > K, with average values of
82.36 mg/L, 27.23 mg/L, 8.85 mg/L, and 1.58 mg/L,
respectively. The dominant anions are HCO,” and SO,*,
and their mass concentrations follow the order: HCO, >
SO,* > NO,>CI, with average values of 191.38 mg/L,
162.10 mg/L, 7.70 mg/L, and 7.12 mg/L, respectively.
The coefficients of variation (CV) for SO,>, HCO,,
and CI in surface water are relatively high, at 61.79%,
58.38%, and 51.62%, respectively, indicating significant
spatial variation and complex evolution of these ions.

The average pH of groundwater is 7.52, slightly
higher than that of surface water. The TH and TDS
ranges are 269.00~542.00 mg/L and 291.00~652.00
mg/L, respectively, with average values of 426.67
mg/L and 504.67 mg/L, both slightly higher than those
of surface water. The dominant cations and anions in
groundwater are also Ca*" and HCO,’, respectively, with
similar mass concentration orders as in surface water.
The CVs for CI,, NO,, SO,*, and Na" in groundwater are
relatively high, at 82.68%, 71.99%, 55.23%, and 54.58%,
respectively, suggesting complex evolution processes
that may be influenced by human activities such as
agricultural production, domestic sewage discharge, and
mining activities.

The pH of mine water is 8.03, indicating weak
alkalinity. It has the highest TDS content, and its SO,*, Ca*,
and Mg?* contents are higher than those in surface water
and groundwater, possibly related to the oxidation of

sulfur-bearing minerals and the dissolution of carbonate
minerals in the study area.

Hydrochemical Types and Evolution

A Piper trilinear diagram was constructed using the
percentage of milligram equivalents of major cations
and anions to analyze the hydrochemical composition
characteristics of different water samples [36] (Fig. 2).
In the study area, the cations are primarily concentrated
near the Ca®>* and Mg>* endmembers, with a notable
distance from the Na" and K* endmembers. Similarly,
the anions are predominantly located near the HCO," and
SO,* endmembers, maintaining a substantial distance
from the CI- endmember.

The Shukaliev method was adopted to classify
the hydrochemical types of different water bodies
in the study area, and a spatial distribution map of
hydrochemical types was plotted (Fig. 3). The results
showed that the surface water in the study area had
hydrochemical types of HCO,'SO,-Ca-Mg (4 groups),
SO, HCO,-Ca-Mg (3 groups), HCO,-Ca-Mg (3 groups),
and SO,-Ca-Mg (3 groups); the groundwater had
hydrochemical types of HCO,-Ca-Mg (2 groups) and
HCO,-SO,-Ca-Mg (1 group); and the mine water had
a hydrochemical type of SO,-HCO,-Ca-Mg (1 group).
According to the spatial distribution of hydrochemical
types, the hydrochemical types of the Gaolinggou
antimony mining area were HCO,'SO,-Ca-Mg (DBOI,
DB02, DB05), SO, HCO,-Ca-Mg (DB04, DB06), and
SO,-Ca-Mg(DBO03). The changes in hydrochemical types
were controlled by the increase in SO,* content, which
might be related to the influx of mine water and leachate
with high SO/ content, as well as the addition of
polyferric sulfate as a treatment agent at the wastewater
treatment station. The surface water of the Luo River
exhibited a hydrochemical type of HCO,-Ca-Mg
(DB07, DB08, DB09) above Emergency Response
Point 1(DBI10), which evolved sequentially downstream
to SO,-CaMg (DBI10), SO,[HCO,-Ca-Mg (DBII),
HCO,S0O,-Ca-Mg (DB12), and SO,-Ca-Mg (Emergency
Response Point 2, DBI13) below Emergency Response
Point 1. The hydrochemical types were jointly controlled
by the initial significant increase and subsequent gradual
decrease in SO,* content and the initial rapid decrease
and subsequent gradual increase in HCO,” content,
indicating that the emergency acidification treatment
had a significant impact on the rapid changes in the
hydrochemical types of surface water. Additionally, the
hydrochemical type of groundwater evolved from HCO,-
Ca-Mg (DX01, DX02) to HCO,SO,-Ca-Mg (DX03),
suggesting that the surface water downstream of the
Luo River also had a certain impact on the groundwater.

Correlation Analysis
Pearson correlation analysis [31] and cluster analysis

[32] were used to jointly reveal the correlation of
hydrochemical components, and to preliminarily judge
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Table 2. Correlation coefficient of Hydrochemical Composition of surface water in the study area.

Index pH TH TDS K* Na* Ca** Mg* Cl SO> HCO,
pH 1
TH 0.222 1
TDS -0.249 0.848%* 1
K* 0.087 0.770%* 0.663* 1
Na* -0.124 0.258 0.501 0.441 1
Ca* 0.346 0.968%* 0.718%* 0.751%* 0.133 1
Mg** 0.119 0.905%* 0.773%%* 0.910** 0.363 0.889%* 1
Cl -0.236 0.374 0.636* 0.463 0.904%** 0.200 0.430 1
NoJke -0.675* 0.436 0.838%* 0.336 0.541 0.270 0.423 | 0.653* 1
HCO, 0.803%* 0.326 -0.216 0.313 -0.390 0.500 0.343 -0.439 -0.679* 1

Note: *At the level of 0.05 (two tails), the correlation is significant; ** at the level of 0.01 (two tails), the correlation is significant.

whether each ion (or sampling point) had the same
material source, reflecting its hydrogeochemical process.
Since there are few underground water samples and
mine water samples, only surface water chemistry was
analyzed. The Pearson correlation coefficients indicate
(Table 2) that: pH in the surface water is significantly
positively correlated with HCO,  (p<0.01), and negatively
correlated with SO, (p<0.05), with correlation
coefficients of 0.803 and -0.675 respectively; TH was
positively correlated with Ca*, Mg*, K'(p<0.01), and
the correlation coefficients were 0.968, 0.905, 0.770,
respectively; TDS was significantly correlated with
SO,*, Mg*, Ca*, K, CI', and negatively correlated with
HCOy, indicating that the main contribution of TDS in
surface water came from SO, Mg*, and Ca*. Ca*,
Mg**and K" were significantly correlated, while Na* and
CI- were significantly correlated, indicating they may
have the same source.

The R-mode cluster analysis (Fig. 4a) grouped the
hydrochemical indicators into three clusters: Cluster 1
includes K, Mg?*, Ca*, and TH; Cluster 2 comprises
Na’, CI, SO, and TDS; Cluster 3 consists of pH
and HCO,. The clustering results of hydrochemical
indicators are consistent with the Pearson correlation
analysis. The Q-mode cluster analysis (Fig. 4b) grouped
the sampling points into four clusters: Cluster 1 includes
DBI3 and DBIO; Cluster 2 comprises DB03; Cluster 3
includes DB07, DB08, DB09, DBI11, and DB12; Cluster
4 includes DBO1, DB02, DB04, DBO0S, and DBO06.
From the spatial distribution of sampling points and
hydrochemical characteristics, it can be inferred that:
Cluster 1 (DB13 and DBI10) represents two emergency
response points downstream of the Luo River; Cluster
2 (DBO03) is the antimony-containing wastewater
treatment station in Gaolinggou, where the addition
of polyferric sulfate treatment agent led to an increase
in SO,* concentration and a significant decrease in
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HCO; concentration, indicating the direct impact of
mining activities on the surface water environment;
Cluster 3 is mainly distributed in the mainstream of
the Luo River, while Cluster 4 is mainly distributed in
Gaolinggou, indicating the surface water environmental
characteristics of the mainstream of the Luo River and
the antimony mining area in Gaolinggou, respectively.

Influencing Factors of Hydrochemistry
Rock Weathering

The Gibbs diagram is often used to analyze the
hydrochemical evolution process of different water
bodies and determine the influence degree of atmospheric
precipitation, rock weathering, and evaporation-
concentration on the main ion sources of water bodies
[34, 35]. The TDS variation ranges of surface water and
groundwater in the study area are 262.00~598.00mg/L
and 291.00~652.00mg/L, respectively; the concentration
ratios of Na'/(Na'+Ca?") are 0.04~0.14 and 0.09~0.16,
respectively; the concentration ratios of CI'/(CI+HCO;,)
are 0.01~1.00 and 0.02~0.08, respectively. The TDS of
the mine water is 8§99.00mg/L, the concentration ratio
of Na'/(Na"+Ca?") is 0.08, and the concentration ratio of
CI/(CI'+HCOy) is 0.02. As shown in Fig. 5, most water
samples fall in the middle-left area of the Gibbs diagram,
indicating that the hydrochemical components in the
study area are mainly controlled by rock weathering,
with relatively small atmospheric precipitation and
evaporation-concentration effects. However, some
surface water samples (DB10, DBI13) still fall outside the
dotted line of the control area, mainly due to the acidity
of the water body at this point, the absence of HCO, in
surface water, and the proximity of the sample points to
the emergency response point downstream of the Luo
River, which is greatly affected by human activities.

The Gaillardet model is adopted to further reflect
the leaching source of hydrochemical components
during rock weathering [40, 41]. As shown in Fig. 6,
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the concentration ratios among Mg*/Na*, HCO,/Na’,
and Ca?/Na* indicate that after eliminating the impact
of acid treatment at the two emergency response points
DB10 and DBI3 (where HCO, was not detected), the
sampling points of different water bodies are mainly
distributed between silicate rocks and carbonate rocks,
and closer to the carbonate rock endmember. This
suggests that the hydrochemical components in the
study area are jointly influenced by the weathering and
dissolution of carbonate rocks and silicate rocks, but the
weathering contribution of carbonate rocks is greater.

Cation Exchange

Cation exchange is a natural phenomenon that
participates in the hydrochemical evolution of water
bodies and alters the composition of some ions during
water-rock interactions, playing a significant role in the
formation of hydrochemistry. Typically, the relationship
between (Na™+K*-Cl') and (Ca**+Mg**-SO,*-HCO,) can
indicate whether cation exchange occurs. Here, (Na™+K'-
CI) represents the increase or decrease of Na” beyond
salt rock dissolution, while (Ca**+Mg**-SO,*-HCO,)
represents the increase or decrease of Ca®* and Mg**
beyond calcite, dolomite, and gypsum [32, 33, 42]. As
shown in Fig. 7a, the surface water sampling points are
distributed along the line y=-0.299x+0.227 (R?=0.436),
and most of the surface water, groundwater, and mine
water samples are located near the line y=-x, indicating
that cation exchange occurs in the water bodies of the
study area.

The chloro-alkali indices [43] (CAI-I and CAI-II)
are employed to further determine the direction and
intensity of cation exchange in water bodies. When both
CAI-I and CAI-II are positive, Ca?>* and Mg*" in the
aquifer medium exchange Na® and K" from the water,
resulting in reverse cation exchange. Conversely, when
both CAI-I and CAI-II are negative, forward cation
exchange occurs. The greater the absolute values of
CAI-I and CAI-II, the stronger the cation exchange [44].
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Fig. 5. Gibbs diagram of hydrochemical parameters in the study area.
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As shown in Fig. 7b, both CAI-I and CAI-II of surface
water, groundwater, and mine water in the study area
are negative, indicating that forward cation exchange
occurs. In this process, Ca** and Mg*" in the water
bodies exchange with Na" and K* in the aquifer medium,
leading to an increase in Na' and K' content in the
water. The absolute values of CAI-I and CAI-II indicate
that the intensity of cation exchange follows the order
of mine water > surface water > groundwater, with a

more pronounced difference in groundwater compared
to surface water.

Evaporation

Evaporation plays a significant role in hydrochemical
evolution, and the hydrogen and oxygen isotopic
characteristics of water bodies can reveal the recharge
sources and interconversion relationships among
different water bodies [42, 45]. In the study area, the
variation range of 6D in atmospheric precipitation is
-35.6%o0 to -46.4%o, and that of 880 is -8.2%o to -6.0%o;
for surface water, the variation range of dD is -64.5%o
to -62.0%o, and that of 30 is -10.3%o to -10.1%o; for
groundwater, the variation range of 8D is -65.4%o
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to -54.2%o, and that of "0 is -10.1%o to -9.2%o; the
dD and 30 values of mine water are -74.5%o and
-11.4%o, respectively. The evaporation trend lines of
hydrogen and oxygen isotopes for surface water and
groundwater are 8D=6.508""0+3.65(n=3, R?=0.2812)
and 8D=10.508'*0-+40.65 (n=3, R?=0.9067), respectively.
The sample points fall above and to the left of the
Global Meteoric Water Line (GMWL) [46] and the
Local Meteoric Water Line (LMWL) for Shaanxi [47]
(Fig. 8), indicating relative enrichment of light elements
and relative depletion of heavy elements, suggesting
that evaporation has a minor impact on the study area.
The sample points for atmospheric precipitation and
groundwater are primarily located near the evaporation
line of surface water, and the groundwater sample points
are situated between those of atmospheric precipitation
and surface water, indicating that surface water is
primarily recharged by atmospheric precipitation,
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while groundwater is recharged by both atmospheric
precipitation and surface water.

Human Activities

Human activities such as mining, agricultural
production, and domestic sewage discharge can affect
the changes in hydrochemical components, mainly
manifested in the production of higher levels of NO,,
CI, and Na* from agricultural production and domestic
sewage, while mining activities can generate more SO,*
[27, 48]. The relationship between NO,/Na” and Cl/Na*
is used to determine the impact of human activities on
hydrochemical components. In the study area, the ratio
ranges of CI/Na” for surface water and groundwater
are 0.39~0.71 and 0.34~1.06, respectively, and the
ratio ranges of NO,/Na" are 0.20~0.59 and 0.46~1.16,
respectively, with all ratios greater than 0.1. The ratios
of CI/Na" and NO,/Na” for mine water are 0.24 and
0.05, respectively. As shown in Fig. 9a, all surface
water and groundwater samples fall in the upper right
quadrant, while mine water is located in the lower right
quadrant. This indicates that mine water in the study
area is primarily controlled by rock weathering, while
surface water and groundwater are jointly influenced
by salt rock weathering and agricultural activities,
with groundwater being more significantly affected by
agricultural activities.

Further analysis of the impact of different human
activities on the hydrochemical composition can be
conducted through the relationship between SO,/
Ca* and NO,/Ca*. Typically, the SO,*/Ca* ratio is
greater than the NO,”/Ca’* ratio in mining activity areas,
while the opposite is true in areas of human life and
agricultural production [27]. In the study area, the ratio
ranges of SO,*/Ca’ and NO,/Ca*" in surface water are
0.16~2.15 and 0.01~0.05, respectively, with the SO/
Ca™ ratio significantly higher than the NO,/Ca*" ratio.
For groundwater, the ratio ranges of SO,*/Ca*" and NO,/
Ca?" are 0.24~0.37 and 0.04~0.15, respectively, with little
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Fig. 9. NO,/Na" versus Cl/Na" diagram (a) and SO,*/Ca*" versus NO,/Ca*" (b) diagram.
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difference between the two ratios. As shown in Fig. 9b,
surface water and mine water are primarily distributed
in the upper left quadrant, indicating that surface
water is significantly influenced by mining activities.
This is related to the increase in SO,* ions in surface
water due to the leaching of mine waste (DB01, DB02,
DBO04) and the addition of chemical agents for treatment
(DB10, DBI13) in the mining area. Groundwater, on the
other hand, is distributed in the lower right quadrant,
suggesting that it is mainly affected by agricultural
activities and domestic sewage discharge. However, the
hydrochemical type of groundwater in the downstream
section of the Luo River changes from HCO,-Ca-Mg
(DX02) to HCO,'SO,-Ca-Mg (DX03), with a notable
increase in SO,*, indicating that mining activities have
had a certain impact on the groundwater.

Sources of Major lons

The sources of Na® and CI" in water bodies can be
reflected by the equivalent concentration ratio. The Na*/
CI ratio in atmospheric precipitation is approximately
0.86; when Na*/Cl- = 1, it is mainly due to the dissolution
of rock salt; when Na'/Cl" > 1, there may be silicate
dissolution or other sources [49]. According to the ratio
of Na* and CI" in Fig. 10a, most water sampling points
fall above the 1:1 line, indicating that in addition to
atmospheric precipitation and rock salt dissolution,
the excess Na® mainly comes from the dissolution of
sodium-containing silicates and the contribution of
cation exchange [28]. Judging from the distribution of
sample points, surface water sample points are relatively
concentrated, while groundwater sample points are
relatively dispersed. Sample points DB03, DXO02,
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and DX03 show abnormalities. DB03 is a wastewater
treatment plant, which may be related to the increase
in CI content caused by the addition of treatment agent
FeCl,. DX02 and DXO03 are located in residential areas,
and previous analysis found that the Cl° content in
groundwater is greatly affected by human activities.

The sources of Ca?" and Mg>* can be judged based
on the ion ratio relationship between Ca*-+Mg* and
SO, *+HCO," [50, 51]. Most sample points in Fig. 10b
are distributed along the 1:1 line, indicating that Ca**
and Mg?* in the water bodies in the study area mainly
come from the weathering of carbonate rocks and the
dissolution of gypsum. However, the sample points of
mine water and some surface water are located below
the 1:1 line, suggesting that Ca** and Mg?" in this part
of the water may come from the dissolution of silicate
minerals.

In the carbonate dissolution area, the ratio of Mg*"/
Ca* to HCO, can be used to determine the contribution
of calcite and dolomite dissolution in water bodies
[52]. In the study area, the Mg?/Ca®>" ratio of surface
water ranges from 0.43 to 0.67, with a mean value of
0.56; the Mg?*/Ca®* ratio of groundwater ranges from
0.43 to 0.55, with a mean value of 0.48; and the Mg>*/
Ca?" ratio of mine water is 0.73. In Fig. 10c, the water
sample points falling within the dolomite and calcite
dissolution control areas account for 64.71% and 35.29%
respectively, indicating that dolomite dissolution is
the main source of Ca* and Mg*" in the carbonate
dissolution area, followed by calcite dissolution.

In nature, the main acids involved in the dissolution
process of carbonate rocks are carbonic acid and
sulfuric acid. Carbonic acid mainly comes from CO, in
the atmosphere and soil, while sulfuric acid comes from
acid rain or the oxidation of sulfur-bearing minerals. The
dissolution characteristics of carbonate rocks are often
analyzed using the relationship between (Ca?*+Mg?*
) /HCO; and SO,*/HCO,. When Ca*+Mg*") /HCO,=1

and SO,*/HCO, =0, only carbonic acid is involved in the
dissolution of carbonate rocks; when Ca**+Mg*") /HCO,’
=2 and SO,/HCO,=l1, only sulfuric acid is involved
[27, 49]. In Fig. 10d, all sample points are distributed
parallel to the gypsum line and above the line where
Ca*+Mg”) /HCO, =1, indicating that both carbonic
acid and sulfuric acid participate in the dissolution of
carbonate rocks. However, mine water and some surface
water are dominated by sulfuric acid in the dissolution
of carbonate rocks. Given the large amount of sulfide
tailings in the water environment of the study area, it is
suggested that this portion of SO, mainly comes from
the oxidation of stibnite and pyrite, with the reaction
equations as follows [3]:

Sb,S, + 60, + 3H,0 — Sb,0, + 6H' + 330> (1)

2FeS, + 70, + 2H,0 — 2FeSO,+ 4H" + 280, (2)

The concentration of antimony in the surface
water in the study area ranges from 0.01 to 0.82 mg/L
(average of 0.28 mg/L), with the concentration in the
Gaolinggou antimony mining area (DBO01-DB06)
ranging from 0.21 to 0.82 mg/L (average of 0.51 mg/L)
and that in the mainstream of the Luohe River (DBO07-
DBI13) ranging from 0.01 to 0.12 mg/L (average of 0.08
mg/L). The average concentration in the Gaolinggou
antimony mining area is 6.4 times that of the Luohe
River mainstream. The concentration of antimony in
groundwater ranges from 0.04 to 0.20 mg/L (average
of 0.10 mg/L), while the concentration of antimony
in mine water is 1.57 mg/L. Fig. 11 shows that the
highest concentration of antimony is found in mine
water KDO1, while the lowest is in surface water DB07,
which is a water sample taken before Gaolinggou flows
into the Luohe River mainstream and represents water
unaffected by antimony mining activities. The fitted
line for antimony concentration in surface water in the
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study area is y= exp(-0.233*x) (R?=0.696), indicating
that the concentration gradually decreases with changes
in surface runoff, which is related to the self-purification
capacity of water and human purification treatments.
The antimony concentration in groundwater also
shows a gradually decreasing trend, and most of the
antimony concentrations in groundwater are located
near the fitted line of antimony concentrations in surface
water, suggesting that the antimony concentration in
groundwater is influenced by surface water. Additionally,
hydrogen and oxygen isotope analysis shows that
surface water is mainly replenished by atmospheric
precipitation, while groundwater is replenished by
both atmospheric precipitation and surface water.
Comprehensive analysis indicates that the antimony in
surface water in the study area is mainly affected by
mining activities in the Gaolinggou antimony mining
area, while the antimony in groundwater is related to the
lateral recharge of surface water.

Conclusions

1. The average pH value of surface water in the
study area is 7.21, showing neutrality overall and
acidity in some areas. The average TH is 314.69 mg/L,
and the average TDS is 384.38 mg/L. The dominant
cations are Ca?" and Mg?*', while the dominant anions
are HCO," and SO_*. The hydrochemical types include
HCO,SO,-CaMg, SO,HCO,-Ca-Mg, HCO,-Ca-Mg,
and SO,-Ca-Mg, with frequent spatial variations. For
groundwater, the average pH is 7.52, and the average
TH and TDS are 426.67 mg/L and 504.67 mg/L,
respectively, slightly higher than those of the surface
water. The dominant cations and anions are Ca®" and
HCO;, respectively, and the hydrochemical types are
HCO,-Ca-Mg and HCO,'SO,-Ca-Mg. The mine water
has a pH value of 8.03, indicating weak alkalinity, with
the highest TDS content. It is enriched with SO >, Ca™,
and Mg¥, and its hydrochemical type is SO,-HCO,-
Ca-Mg.

2. The hydrochemical characteristics of the study area
are primarily controlled by rock weathering, manifested
as the combined effects of weathering and dissolution of
carbonate rocks and silicate rocks, with carbonate rock
weathering as the dominant process. Positive cation
exchange occurs in the water bodies, with the intensity
of this process being greater in surface water than in
groundwater. Surface water is primarily replenished
by atmospheric precipitation, while groundwater is
replenished by both atmospheric precipitation and
surface water. Surface water is significantly impacted
by mining activities, while groundwater is mainly
affected by agricultural activities and domestic sewage
discharge. However, mining activities have also had a
certain impact on groundwater in the downstream area
of the Luo River.

3. In addition to atmospheric precipitation and
halite dissolution, the excess Na' in water bodies

mainly originates from the dissolution of sodium-
bearing silicates and cation exchange. Ca** and Mg**
are primarily sourced from the weathering of carbonate
rocks and the dissolution of gypsum, with contributions
from the dissolution of silicate minerals. Dolomite
dissolution is the primary source of Ca®>" and Mg* in
carbonate rock dissolution areas, followed by calcite
dissolution. Both carbonic acid and sulfuric acid
participate in the dissolution of carbonate rocks. SO,*
and CI- are significantly influenced by mining activities.
The antimony in surface water is mainly affected by
mining activities in the Gaolinggou antimony mining
arca, while the antimony in groundwater is related to
lateral recharge from surface water.
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