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1. Introduction to the Special Issue

Environmental geology is a specialized field that examines the interaction between
natural geological processes and human activities, particularly in the context of mineral
resource extraction. The study of the geological and environmental impacts of mining
focuses on how mining operations affect and are influenced by the geological environ-
ment, including potential negative impacts such as environmental pollution and geological
hazards. Environmental geologists apply scientific theories and methods to promote sus-
tainable development in the mining industry by managing resources responsibly and
implementing effective strategies to minimize and mitigate the environmental impacts of
mining activities [1]. The accelerated development of science and technology has spurred
unprecedented levels of large-scale, high-intensity mineral resource exploitation. This in-
tense geological activity serves as a catalyst for intensified changes within a mining region’s
geological environment. The resulting modifications exert a profound influence on the local
geological landscape, increasing the likelihood of sudden geological disasters. Additionally,
the cumulative accumulation of heavy metals poses a significant environmental threat,
disrupting the delicate balance between human activities and the natural environment.
These consequences ultimately jeopardize the long-term sustainability of human existence
and development [2]. In this context, water is an indispensable resource for both human
life and economic progress and intimately intertwined with mining activities. Geothermal
water is classified as a valuable mineral resource and serves as a crucial component of
the mining environment, and it can pose significant environmental risks when extracted
and utilized improperly [3,4]. The process of water extraction and its subsequent use
can result in water pollution and depletion [5]. Moreover, mining-related operations can
contaminate groundwater sources with harmful pollutants, including heavy metals, acids,
and sediments [6]. This contamination has far-reaching implications for human health,
agricultural practices, and the delicate balance of ecosystems. Water is also a contributing
factor to other geological mining problems [7].

This Special Issue on mines and water aims to provide comprehensive guidance
on hydrogeology, environmental geology, mining environments, disaster geology, and
health geology. By delving into the intricate relationship between water and mining op-
erations, this publication seeks to foster a deeper understanding of the role that mining
processes play in mine monitoring and the development of innovative prevention strate-
gies. This knowledge is instrumental in promoting the sustainable development of green
mines and ensuring the harmonious coexistence of human activities and the natural en-
vironment [8]. Following a rigorous peer review process, twelve original research papers
(Contributions 1–12) were accepted for publication in November 2022. These papers en-
compass a diverse range of topics, including the exchange of mineral water with other
environmental media, the pollution and enrichment of mineral water elements, the evo-
lution of mineral water composition, and associated human health risks. Additionally,
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this Special Issue features research and development in simulation technology, studies
utilizing unmanned aerial vehicle (UAV) technology for the identification of mine wastew-
ater, strategies for the prevention and reuse of polluted mine water, and an exploration
of the relationship between mine water and geological disaster risk. To provide a more
comprehensive understanding of this Special Issue, we have summarized the key findings
of the published papers below.

2. Overview of the Contributions to This Special Issue

The pollution, enrichment, evolution and human health risk of elements in water of
mining area. Rui-ping Liu and colleagues investigated the factors influencing fluoride
levels in geothermal water within mining regions. Their research revealed that water–rock
interactions are the primary drivers of fluoride enrichment. Furthermore, the mixing of
geothermal waters with near-surface cold water can also contribute to the concentration
of fluoride. The hydrogeochemical factors influencing fluoride enrichment in confined
geothermal water primarily include natural conditions such as pH, ion exchange, and
mineral saturation. Although the groundwater in the study area is slightly alkaline, its
fluoride levels exceed the drinking water quality standards of both China and the World
Health Organization (WHO). Specifically, in the guide basin, the confined water shows
elevated fluoride concentrations ranging from 0.43 to 5.7 mg/L, whereas the phreatic
and surface waters contain insufficient fluoride levels for drinking. Therefore, to address
this issue, the Department of Water Resources Management is advised to mix confined
geothermal water with phreatic and surface water in appropriate proportions to ensure
that the fluoride content in the resulting drinking water falls within safe limits. Moreover,
excessive fluoride consumption from confined geothermal water poses significant health
risks to both adults and children. Ultimately, this study highlights that fluoride is an
element with potentially harmful long-term health consequences.

Focusing on the exchange between water and other environmental media, Wei-kang
Sheng and colleagues conducted a comprehensive case study in Chehe Town, Guangxi, a
region that is characterized by integrated metals mining and smelting operations. In order
to investigate the geochemical distribution, migration, and transformation of cadmium
(Cd) and other heavy metals, the researchers systematically collected samples from various
surface media. These included atmospheric dust, surface water, stream sediments, ores,
tailings, mine drainage, soil, and crops, both within and around the mining area. By
analyzing these diverse samples, they aimed to gain a thorough understanding of the
environmental impacts associated with mining activities in the region.

Focusing on simulation technology research and development, Marcos Sanz-Ramos
and colleagues investigated the potential risks associated with mine tailing pond ruptures.
Their research highlighted that, depending on the characteristics of the stored material,
such ruptures can lead to the fluidization and release of hyper-concentrated flows, which
exhibit non-Newtonian fluid behavior. To simulate these dynamics, numerical modeling
tools solve mass and momentum conservation equations, incorporating rheological models
to accurately capture the unique properties of these fluids. In this study, the researchers
extended Iber, a two-dimensional hydrodynamic numerical tool, to enable the simulation
of non-Newtonian shallow flows, particularly those associated with mine tailings. The
performance of the numerical tool was rigorously evaluated through both benchmark tests
and real-world case studies. The results demonstrated excellent agreement with analytical
and theoretical solutions in the benchmark tests, thereby confirming the tool’s accuracy.
Furthermore, the numerical tool proved to be well suited for simulating both dynamic and
static phases under realistic conditions. Consequently, the outputs generated by this tool
offer valuable insights, allowing researchers to assess flood hazards and risks associated
with mine tailing spill propagation scenarios.

UAV technology can be utilized for the identification of mining wastewater. Acidic
mine drainage (AMD) from mining operations can severely contaminate surrounding
rivers and lakes, leading to significant ecological problems. While traditional field surveys
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have been the primary method for monitoring mining environments, Xiaomei Kou and
colleagues demonstrated that UAV technology offers several advantages, including the
ability to capture real-time imagery, enhanced security, and improved image accuracy.
By leveraging UAV technology, it is possible to mitigate the shortcomings of traditional
methods and significantly improve the efficiency of environmental surveys of mines.
As a result, UAV technology has become an increasingly essential tool for monitoring
mining environments.

Working towards the prevention and reuse of polluted water in mining areas, Li Zhi-
zhong and colleagues proposed an innovative in situ leaching mining technique for deep
bauxite exploration. This technique is particularly well suited to the geological conditions
of the Ordos Basin, as it ensures that the leaching solution flows within the bauxite ore
bed without any leakage. To prevent the leaching solution from contaminating the main
aquifer surrounding the basin, the researchers suggested several preventive measures,
including the use of a polymer resin filling, plugging to control well pattern seepage, and
the establishment of comprehensive monitoring systems. These measures are designed to
enhance the effectiveness of the technique while safeguarding the surrounding environment.
Furthermore, the findings of this study offer a valuable theoretical foundation for the
adoption of environmentally sustainable mining practices and for effectively mitigating
water pollution associated with deep bauxite exploration.

To examine the ways in which water both causes and is impacted by geological hazards
in mining areas, Wei-cui Ding and colleagues developed a comprehensive methodology
for assessing and managing geological hazards and risks in complex mountainous towns.
Using Longlin Town in Gansu Longnan, China, as a case study, they focused on the
Quanjia Bay debris flows and Panping Village landslides. The proposed methodology
comprises six stages: risk identification, investigating the hazard and disaster model,
risk analysis, vulnerability assessment, risk evaluation, and risk management and control
measures. Based on this framework, the researchers analyzed geological hazards under
various precipitation frequencies (5%, 2%, and 1%). The results indicated that 75.23% of the
regions remained at low risk levels, while 24.38% exhibited an increase in risk levels as the
precipitation frequency decreased. Furthermore, only 0.39% of the regions were classified as
extremely high-risk areas across all precipitation frequency conditions. For the specific cases
of the Quanjia Bay debris flows and Panping Village landslides, the study explored how to
control the sources of geological hazards and risks, along with management and control
technologies. Additionally, both engineering and non-engineering disaster prevention and
control measures were tailored to urban disasters and specific hazard zones. Ultimately,
this research provides valuable technical support and guidance for disaster prevention and
mitigation, as well as territorial spatial planning.

3. Conclusions

The Guest Editors hope that the papers published in this Special Issue will be of interest
to researchers, designers, and practitioners engaged in water-related monitoring, control,
and management within the context of mineral resource development. These contributions
are expected to stimulate further research and exploration in this field. Moreover, we
encourage readers to investigate water and issues surrounding it from the perspectives
of integrated monitoring of the sky, earth, and human factors, along with numerical
simulations and experimentation. By applying these insights to learn from prevention
and control projects, the research presented in this Special Issue offers both intellectual
interest and practical significance. The findings and methods outlined in this collection,
including the status of mining water pollution, the transport and enrichment of substances
in multiple media, the evolution of these processes, and the associated human health risks,
as well as strategies for water pollution prevention and reuse, highlight the pivotal role
of water in driving geological hazards and ecological restoration in mining areas. These
important contributions hold substantial research value and can significantly enhance our
understanding of the intricate relationship between mining and water.
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and the Countermeasures for Water Pollution Prevention: An
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Abstract: As the second most significant metal following steel, aluminum plays a vital role in the
advancement of both strategic emerging industries and national economic development. The existing
oil and gas drilling data indicate that the deep bauxite deposits is abundant around the Ordos Basin
in China, at the depths ranging from several hundred meters to several kilometers. Based on the
geological and hydrogeological characteristics analysis, it is found that deep bauxite deposits in the
basin have distinct electrical characteristics, characterized by four highs and two lows. While there is
scarcity of prior research on the exploration topic for the technique limitation. In this paper, a logging
interpretation model has been developed, which allows the evaluation of bauxite deposits. An
efficient technology was proposed for deep bauxite exploration, utilizing an in-situ leaching mining
technique. This technology is well-suited to the geological conditions of the Ordos Basin, ensuring
that the solution flows within the bauxite ore bed without any seepage loss. To prevent the leaching
solution from seeping into and polluting the main aquifer around the basin, several measures have
been proposed. These include filling with polymer resin, well pattern seepage control plugging, and
establishing monitoring systems. The results of this study provide a theoretical basis for the adoption
of environmentally sustainable mining techniques and the mitigation of water pollution in deep
bauxite exploration.

Keywords: bauxite; occurrence state; microstructure; nuclear magnetic resonance; water pollution
prevention and control; in-situ leaching technique

1. Introduction

Bauxite, the primary source of metallic aluminum, is composed of aluminum-bearing
minerals, iron-bearing minerals, and small amounts of silicates, titanates, sulfates, and
carbonates [1–3]. In-situ leaching mining is a novel mining method. It utilizes the physical
and chemical properties of minerals to selectively dissolve, leach, and recover useful
mineral components by injecting water, chemical solvents, or microorganisms into the
deposit or heap [4,5]. This technology is commonly employed in the mining of salt,
uranium, and rare earth ores. For instance, water-soluble mining of salt mines can be traced
back over 1400 years. It remains in use today due to its efficiency and cost-effectiveness. In
1961, Soviet hydrogeological engineers designed an in-situ pumping test for a sandstone
uranium mine that achieved a 77% uranium recovery rate by 1978. Similarly, the United
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States conducted a series of successful in-situ leach uranium mining experiments during
this period. It leads to the mainstream adoption of this process in the U.S. uranium
mining industry by 1992 [6]. While attempts at in-situ leaching mining of other non-
ferrous metals were made as early as the 16th century in Spain, large-scale application
was not feasible due to industrial limitations at the time. In 1995 a project study of in-situ
copper mining was conducted in Santa Cruz, Arizona, USA. Copper ore below 370 m
was successfully extracted from the ground through field trials with acid dissolution. The
project delivered 25 gallons of saturated solution per minute and yielded 1 ton of copper
output per day [7], demonstrating the commercial viability of this technology. Recently,
Kongar (2023) describes the possibility of leaching of metals from geo-raw materials. The
sequentially-selective extraction of metals from raw materials by changing the alkalinity
(pH factor) of the agent is proposed, which significantly increases the extraction of the
valuable component, reduces the agent consumption and increases the economic efficiency
of the leaching method used [8]. Researchers studied the leaching process and achieved
the maximum extraction of the valuable component from the geo-raw materials [9]. The
studies on the extraction of the valuable component from the geo-raw material by leaching
were carried out with different activation times and irrigation of the working solution with
hydrochloric acid of differential concentration.

Throughout the history of in-situ leaching technology, its most mature and widely
used applications is in the mining of uranium and rare earth elements [10,11]. The use
of this technology for the extraction of other metal minerals has been less prevalent. In
recent years, gas has been obtained from the bauxite layer during oil and gas exploration,
challenging previous assumptions that the dense bauxite layer could only serve as a
regional cap layer [12]. Furthermore, it has been confirmed that bauxite is an effective
reservoir due to the development of microfractures and dissolved pores, which create a
well-connected pore network. Motivated by the results of previous research, this study
introduces the conception of the in-situ leaching mining technique for extracting deep
bauxite deposits. The approach is grounded in a comprehensive analysis of the geological
attributes and petrophysical properties of bauxite deposits located within the Ordos Basin.

The Ordos Basin is one of China’s most significant energy reserves, boasting abundant
resources such as oil, gas, coal, bauxite, uranium, rock salt, oil shale, cement limestone,
mirabilite, and gypsum. The proven reserves of natural gas, coalbed methane, coal, ura-
nium, and rock salt within the basin rank first in China, while its proven petroleum
geological reserves rank fourth. The basin contains rich bauxite resources with proven
reserves of 770 million tons. These resources are primarily distributed across Shaanxi,
Shanxi, Inner Mongolia and Gansu provinces [13,14]. Numerous scholars have investigated
the distribution, genesis, classification, and geological characteristics of typical bauxite
minerals in the periphery of the Ordos Basin [15–17]. However, research on deep bauxite
deposits within the basin remains limited. Oil and gas drilling data indicate that the basin
contains rich bauxite resources at depths ranging from several hundred meters to several
kilometers. The exploration and exploitation of deep bauxite could greatly alleviate the
national shortage of bauxite resources.

By 2015, six in-situ leach uranium mines were constructed in China, primarily utilizing
acid leaching methods. In an effort to reduce the pollution of shallow and groundwater,
new types of neutral leaching and microbial leaching have been gradually implemented
in recent years [18]. Researchers focuse on minimizing the impact of productive brines
on the environment. The authors investigated the penetration of these brines through the
fracture system into the mass, established the radius of penetration and proposed a way to
isolate the sources of contamination [19]. There are also research formulates a multifactorial
mathematical model of degradation of environmental ecosystems as a result of the impact
of waste [20]. Considering the geological profile of the Ordos Basin, this paper examines
the implementation of a barrier layer to inhibit leachate infiltration into the aquifer. This
is achieved through the utilization of well network seepage control and the injection of
polymer resin. Furthermore, the establishment of a dynamic monitoring system at the
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mining site is proposed, to continuously track and assess groundwater conditions, thereby
preventing and mitigating water pollution. The research aims to provide a theoretical
foundation for the exploration and environmentally sustainable extraction of deep bauxite
deposits within the Ordos Basin.

2. Characteristics of Deep Bauxite in the Ordos Basin
2.1. The Geological Characteristics
2.1.1. Formation of Orebearing Rock Series

Bauxite within the Ordos Basin is found in aluminiferous rock series in the middle and
lower portions of the late Carboniferous Benxi Formation. The Benxi Formation consists
of early Late Paleozoic sediments deposited on a basement geomorphology shaped by
Caledonian Ordovician erosion and weathering. Sedimentation primarily occurred through
filling and supplementing low and concave paleogeomorphology on the weathering surface.
Sedimentary thickness, which generally ranges from 10 to 80 m, is mainly controlled by
paleogeomorphology and tends to be thicker in the east and thinner in the west.

The rock types of the Benxi Formation are mainly bauxite of weathering products,
clastic rock of littoral and shallow Marine facies, tidal flat limestone of littoral marsh facies,
coal rock and carbonaceous mudstone, which are characterized with ferro-aluminite as-
semblages containing pyrite and siderite nodules or bands. Vertically, the Benxi Formation
can be divided into Member 1 and Member 2 (Figure 1). The lithology of the upper part of
Member 1 is mainly dark gray micritic limestone and coal seam, mixed with gray coarse
sandstone and pebbled coarse sandstone. The natural gamma is low and massive, while
the deep and shallow lateral resistivity is high and massive. The lower part of the Member
1 is mainly dark gray mudstone, interbedded with thin gray sandstone and limestone. The
natural gamma is medium-high, micro-dentate and local finger. The lithology of the upper
part of the Member 2 is gray, light gray medium-coarse sandstone and dark gray mudstone,
partially interbedded with thin micritic limestone. The natural gamma is medium-high
value, dentate, partially massive, and the resistivity is mainly low value. The lithology
of the middle part of the Member 2 is dark gray mudstone, light gray conglomerate and
pebbly coarse sandstone. The natural gamma is dominated by high value, weakly dentate,
locally low value and massive, and the resistivity is dominated by medium and low value.
The lower part of the Member 2 is high gamma-aluminum mudstone, whose thickness is
generally 3~6 m, and the lower part is Majiagou Formation limestone or dolomite.
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2.1.2. Structure and Thickness Variation of Bauxite Layer

On the paleoerosion surface of Ordovician carbonate rocks, the vertical aluminiferous
rock series exhibits a sandwich structure. Specifically, bauxite is often found between top
and bottom layers of clay rock or shale. The aluminiferous rock system developed on an
unconformity surface where the basement rock is typically carbonate. The bottom layer
consists of aluminum iron bauxite and bauxitic mudstone with poor physical properties
and a thickness of 2–4 m. The middle layer consists of bauxite and porous bauxite with
better physical properties and an average thickness of approximately 6.3 m. The upper layer
consists of black carbonaceous mudstone with poor physical properties and a thickness of
1–2 m (Figure 2).
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The distribution of the bauxite is controlled by karst palaeogeomorphology. The
palaeoterrain is flat, the orebodies are layered or quasi-layered, and the palaeoterrain is
uneven and mostly lens-shaped. On the plane, the bauxite is mainly deposited in low and
concave paleogeomorphic areas, with a banded or lamellar distribution (Figure 3). In the
same strip or area, bauxite beds are stably distributed with good continuity (Figure 4). The
average thickness of the ore beds ranges from 1.5 m to 3 m, which is positively correlated
with the thickness of ore-bearing rock series, with a correlation coefficient of 0.38–0.76.

2.1.3. Electrical Characteristics of Bauxite

Bauxite has obvious electrical characteristics [21], which has been used as an important
marker layer at the bottom of Benxi Formation in oil and gas exploration, with unusually
high natural gamma (GR), generally above 300 API. The electrical resistivity (LLD, LLM) is
generally about 35 Ω/m, with a maximum value of 100 Ω/m. The compensated neutron
(CNL) porosity is high, usually about 60%. The density (RHOB) is high, generally around
2.74 g/cm3, and the acoustic time difference (AC) is low, generally around 170 µs/m
(Figure 5).
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Therefore, with the help of core calibration logging, conventional logging and special
logging, bauxite identification standard and bauxite logging parameter model can be
established, and bauxite evaluation indexes such as diaspore content and aluminum-
silicon ratio can be calculated, which can complete the evaluation of the bauxite in great
buried depth.

2.2. Hydrogeological Characteristics of Basin and Water Bearing of Bauxite Layer
2.2.1. Hydrogeological Characteristics of the Basin

Ordos Basin is a giant groundwater basin with multiple aquifer systems with different
characteristics that are overlaid or linked laterally, cut and connected with each other
in different degrees in space [22]. These aquifer systems are composed of a variety of
different types of rocks. From bottom to top, they are: Cambrian-Ordovician carbonate
karst aquifer system, Carboniferous—Jurassic-Cretaceous sandstone fractured aquifer
system, Quaternary loess pore aquifer system and Cenozoic loose rock pore aquifer system
(Figure 6).

The groundwater in the Cambrian and Ordovician carbonate strata belongs to the
karst-fractured water type (karst water for short), and the Cambrian crystalline rock at
the bottom and the carboniferous aluminite shale at the top are the regional water barrier
layer. The carbonate rocks in the middle of the basin are buried at a depth of 4000 m. The
research shows that the karst water in the carbonate rocks cannot penetrate the basin for
deep circulation, and the groundwater stagflation sealing zone is formed in the middle
of the basin. The circulation of the modern karst water only occurs in the karst body at a
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certain depth around the basin (generally buried within 800~1200 m), which is the main
aquifer with large water volume and good water quality. It is mainly controlled by climate,
topography, lithology and lithofacies, structure, buried depth and karst development.
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The main aquifers of loose rocks include Quaternary aeolian and alluvial sand layers,
alluvial (flood) sand and gravel layers, and part of loess. The pores of these rock strata
play a leading role in water storage and water conduction. The water-bearing medium is
relatively uniform, and the occurrence of groundwater is relatively uniform. In the shallow
part of the basin, an incomplete continuous plateau pore aquifer system with obvious
difference between north and south is formed. Generally speaking, the water quantity
is large, and the water quality is good. The basin has a certain mining value, and often
become an important water supply source for the severe water shortage areas.

2.2.2. The Bauxite Layer Is Water-Bearing

It is believed that Carboniferous aluminite shale is a regional water-proof layer. The
permeability of pure bauxite is (6.50~14.50) × 10−8 µm2, the permeability of aluminite
mudstone is (0.83~6.40) × 10−8 µm2, and the breakthrough pressure is greater than 5 MPa.
The aluminite shale has high expansibility, and it is often associated with argillite. The
diagenetic process is not easy to produce fractures, which is an ideal water barrier for gas
reservoirs. However, in 2015, Changqing oilfield drilled 9.3 m into the bauxite rock layer of
Benxi Formation in Well Shaan 464 in the eastern Ordos Basin. The low-yielding gas flow
of 1849 m3 per day was obtained through gas test, and the bauxite gas reservoir of Benxi
Formation was discovered for the first time. In the same year, well D66-172 in the bauxite
section of Benxi Formation obtained daily gas of 1.0375 × 104 m3 and daily water of 2.9 m3.
In 2020, Changqing Oilfield conducted a large number of gas tests in Longdong area. Most
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of the gas wells produced gas and water, with the highest daily water production of 33.6
m3 and the average daily water production of 18.6 m3, proving that the local Carboniferous
Benxi Formation bauxite has a certain porosity and permeability, as well as a certain water
content. The analysis shows that the formation water of Carboniferous Benxi Formation
bauxite is mainly confined and retained during the deposition period.

2.3. Microstructure of Bauxite

To gain a comprehensive understanding of the microstructure characteristics of Baux-
ite, this study focuses on outcrop Bauxite located in the southern region of the Ordos Basin.
Utilizing a range of techniques, including casting thin section, X-ray diffraction, scanning
electron microscopy, conventional physical properties, and constant pressure mercury
injection, the mineral composition and pore structure of the bauxite ore bed were system-
atically analyzed. The instruments employed in this research include the D8 Focus X-ray
diffractometer from Bruker Company (Hanau, Germany), the CMS300 pore permeability
tester from Corlab Company (Denver, CO, USA), the 9520 II constant pressure mercury
intrusion meter, the QuantaFEG 450 field emission scanning electron microscope from
FEI Company (Alhambra, CA, USA), and the 4500P polarization microscope from Leica
Company (Wetzlar, Germany).

2.3.1. Mineral Composition and Occurrence State

X-ray diffraction analysis showed that the mineral composition of bauxite ore was
mainly diaspore or boehmite, with a content of 40–77%. The secondary clay minerals
are mainly kaolinite, with a content of 3–37%. Trace minerals include quartz, feldspar,
hematite, anatase, goethite, etc., with a content of 1–11%. Some of the pores are filled with
calcite and (iron) dolomite, with a content of 1–6% (Figure 7). Diaspore presents plate-like,
needle-like and columnar crystals, and flake and scale forms can also be seen. The flake
and scale forms of diaspore are filled between beans and oolitic grains with interstitium.
Kaolin is distributed in the core of bean oolitic grains in fine sheets and fibers or mixed with
diaspore to form the belt of bean grains and oolitic grains. Kaolin is also used as interstitial
material between grains. Calcite and (iron) dolomite are mostly used as interstitial material,
occasionally with ingrain cores or ring structures (Figure 8).
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The petrochemical components of the bauxite are mainly Al2O3, SiO2, Fe2O3, TiO2,
and a small amount of CaO, MgO, K2O, Na2O, etc. (Figure 9).
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2.3.2. Physical Property and Pore Structure Characteristics of Ore Body

According to the test data of scanning electron microscope and pore permeability
analysis of bauxite, the bauxite develops pores and fractures, and the reservoir has showed
good physical properties. The porosity ranges from 1.3 to 6.1%, and the permeability varies
from 0.042 to 5.25 mD.

Scanning electron microscopy showed that the bauxite and aluminum-soil mudstone
were mainly characterized by intercrystalline pores of diaspore (maximum pore size up to
1.2 µm), intergranular and intrgranular dissolution pores, and microfractures (Figure 10).
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Figure 10. Characteristics of micro pore throat structure of bauxite. (a) Closely packed baux-
ite, semi-autogenous -autogenous pseudohexagonal sheet, bauxite intercrystalline pores 3500×.
(b) Bauxite, semi-autogenous—autogenous false hexagonal sheet, bauxite intercrystalline pores
4000×. (c) Bauxite, mostly semi-self-shaped false hexagonal sheet or other shape, poor crystalliza-
tion, bauxite intercrystal pores micro-cracks 1500×. (d) Amorphous silicon and aluminum colloidal
particles, irregular, granular pores and intergranular pores 5000×.

The constant mercury injection into the high permeability reservoir section indicates a
good pore connectivity, a drainage pressure between 0.21~0.42 MPa, and the maximum
connected pore-throat radius between 1.81~5.22 µm. The median pressure is between
5.90 and 6.11 MPa, and the average throat radius is generally between 0.09 and 0.67 µm,
which is a common characteristic of dissolved pore type reservoir.

2.4. Evaluation of the Deep Bauxite

In oil and gas exploration, well logging shows that the bauxite is developed at the
bottom of Benxi Formation, and the buried depth is from several hundred meters to
several thousand meters. Previously, this set of bauxite has been used as the marker
of Benxi Formation and the underlying Majiagou Formation in stratigraphic correlation,
and has been regarded as the regional cap of weathering crust gas reservoir in oil and
gas explorations.

15



Water 2023, 15, 2381

As a marker, the bauxite layer has obvious electrical characteristics, which are charac-
terized by “four highs and two lows”, namely high gamma, high thorium, high uranium
content, and high compensating neutrons, and low resistance and low acoustic time dif-
ference. The GR is abnormally high. Due to the finer particles and larger specific surface
of bauxite, it is easy to adsorb radioactive substances such as uranium, thorium and ti-
tanium. The natural gamma is positively correlated with the content of diaspore. When
the bauxite content exceeds 75%, the GR ray content is greater than 450.0 API, therefore,
natural NG mark is the most key of logging parameters for identification of bauxite. Dual
lateral resistivity (LLD, LLM) is 35 Ω/m or so commonly, a maximum of 100 Ω/m. The
resistivity corresponding to the high gamma interval generally decreases, and the positive
difference between the log curves of the double lateral resistivity is obvious. Due to the high
gamma section of high contents of bauxite, bauxite is crisp, easy to form micro fractures
and solution pores, resulting in the decrease of resistivity [23].

The parameter characterization of bauxite layer is the basis of bauxite identification,
evaluation and reserve calculation. On the basis of X-ray diffraction analysis of whole
rock minerals, ore physical property measurement, scanning electron microscopy and
other data, a parameter interpretation model of bauxite layer is established based on
core scale. According to the mineral types of the classical rock volume model and the
mineral analysis results of the whole rock by X-ray diffraction, the content of diaspore was
determined by natural gamma ray and density fitting. The porosity model was established
by intersection of core analysis porosity and acoustic time difference. According to the
correlation between porosity and permeability, the permeability of bauxite layer was
obtained by using porosity [24]. Finally, deep bauxite logging evaluation can be completed,
and bauxite identification, evaluation and reserve estimation can be realized.

Special logs such as ECS, NMR, dipole acoustic and acoustic imaging can also be
used to evaluate bauxite deposits. ECS element logging can obtain the content of forma-
tion elements and rock mineral composition, which can satisfy the evaluation of various
properties of the formation, obtain the physical parameters of the formation, and calculate
the content of clay minerals. Dipole acoustic logging can provide the time difference of
longitudinal and shear waves, and can perform anisotropy analysis and processing to
determine the direction of the maximum horizontal formation stress, calculate the maxi-
mum and minimum formation stress horizontally, and obtain the Poisson’s ratio, Young’s
modulus, and shear modulus of the rock. All these important rock mechanical parameters
are used to meet the requirements of establishing the calculation model of rock and guide
the fracturing transformation. Acoustic and electric imaging logging has the characteristics
as high resolution, high borehole coverage and good visibility, and it is of great significance
to identify fracture types to guide reconstruction and evaluate development effects [25].

Based on the above results, the bauxite resources in the south of Ordos Basin are eval-
uated. The bauxite is widely distributed in the Ordos Basin, which has a good correlation
with the Ordovician karst paleogeomorphology. The bauxite is controlled by the Ordovician
microgeomorphology, distributed in strips and lenses, and has great exploration potential.

3. Conseptation of the In-Situ Leaching Mining Technique and the Applicable
Conditions
3.1. Conception of In-Situ Mining of Deep Bauxite

In-situ leaching mining is the best way to effectively exploit the deep bauxite resources
in the basin. The sedimentary stability, roof and floor conditions, orebody permeability and
other aspects of bauxite in the Ordos Basin are well matched with in-situ leaching mining.

Bauxite is a sedimentary rock with certain porosity and permeability, and presents a
sandwich structure, which is often surrounded between the top and bottom clay rocks. It
has the geological conditions of in-situ leaching mining, especially according to the stress
sensitivity tests, new pores or cracks will appear with the increase of stress in bauxite,
which can improve the permeability of the ore layer. Based on the in-situ leaching mining
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technology of uranium ore and rare earth ore, the in-situ leaching mining of bauxite can
be considered.

In-situ leaching mining uses a liquid injection well to inject specific leaching solution
into the target orebody, leaching useful metals through a series of physical and chemical
reactions, and pumping the leaching solution out of the surface through the pumping well
to achieve the process of extraction of useful metals in the surface factory [26]. As shown in
Figure 11, the main implementation steps of in-situ leaching mining of bauxite include:
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(1) Drilling: cluster well are adopted, with the inverted nine-point method, the inverted
seven-point method or the inverted five-point method to distribute the injection and
production well pattern, including the liquid injection well and the drainage well.
The liquid injection well is located in the middle position, and the drainage well
is located in the surrounding position. The liquid injection well is a vertical well,
and the drainage well is a directional well (as shown in Figure 12). The well was
drilled through the overlying bauxite to 20 m of the underlying bauxite bedrock and
completed with casing.

(2) Reconstruction of the ore layer: The perforation section is set at the top of the bauxite
bed in the liquid injection well, and the drainage well is set at the bottom of the
bauxite bed. The horizontal borehole is drilled on the top of the bauxite bed with the
liquid injection well as the starting point and the drainage well as the ending point.
The horizontal borehole extends horizontally from the liquid injection well to the
drainage well parallel to the roof of the ore bed, where the first horizontal borehole
is not connected with the drainage well. Then, a horizontal borehole is drilled at
the bottom of the bauxite layer with the drainage well as the starting end and the
liquid injection well as the end point. The inclination angle of the horizontal borehole
from the drainage well to the liquid injection well is upward inclined. The horizontal
drilling hole is not connected to the liquid injection well. The liquid injection well is
fractured or blasted by hydraulic power to increase the permeability to form fracturing
cracks in the bauxite layer and establish a seepage channel.

17



Water 2023, 15, 2381

Water 2023, 15, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 11. In-situ leaching of bauxite mining concept map. 

(1) Drilling: cluster well are adopted, with the inverted nine-point method, the inverted 

seven-point method or the inverted five-point method to distribute the injection and 

production well pattern, including the liquid injection well and the drainage well. 

The liquid injection well is located in the middle position, and the drainage well is 

located in the surrounding position. The liquid injection well is a vertical well, and 

the drainage well is a directional well (as shown in Figure 12). The well was drilled 

through the overlying bauxite to 20 m of the underlying bauxite bedrock and com-

pleted with casing. 

 

Figure 12. In situ leaching of bauxite mining well pattern diagram. 
Figure 12. In situ leaching of bauxite mining well pattern diagram.

(3) Leaching operation: leaching solution is injected into the liquid injection well, and it
enters the bauxite layer through the perforation section of the liquid injection well and
the horizontal borehole at the top. The bauxite is dissolved through the downward
seepage of the fracturing fracture, and then the dissolving liquid containing bauxite is
extracted to the ground through the seepage of the horizontal borehole at the bottom
and the perforation section of the drainage well.

(4) Ground operation: After settling the leaching solution containing bauxite, the leaching
solution containing bauxite can be separated and extracted, and then reused after
purification treatment.

3.2. Conditions for In-Situ Leaching of Deep Bauxite Deposits

In-situ leaching mining is a very special mining method, and its application conditions
are very strict. Not all deposits can be mined by in-situ leaching, and those that can
be mined may not be technically and economically feasible. Only bauxite with certain
geological-hydrogeological conditions has the possibility of in-situ leaching technology for
economic exploitation. The investigations show that the feasibility evaluation of in-situ
leaching is a very important and difficult subject. Therefore, it is very important to study
the selection of in-situ leaching mining for bauxite. The bauxite selection that can be in-situ
leaching mining needs to solve the following problems: (1) whether it is permeable to
ensure that the leaching solution can flow in the ore layer; (2) whether it is soluble, which
can ensure the leaching rate, the content of beneficial minerals in the leaching solution and
the consumption of leaching agent; (3) whether there is a closed top and bottom conditions,
can ensure that the leaching solution does not leak, does not pollute the formation water,
to ensure the recovery rate of leaching solution. On the basis of considering the above
problems, the conditions of bauxite deposits suitable for in-situ leaching mining were
sorted out (Table 1).
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Table 1. Deposit conditions of in-situ leaching bauxite.

Category of Conditions Parameter

Condition of geology

Lithology and lithofacies characteristics
Degree of cementation and diagenesis of ore

The mineral composition of an ore and its percentage
Thickness of roof and floor
Continuity of roof and floor

Grade of ore
Distribution characteristics of ore beds

Thickness of ore bed
The depth of the mine

Hydrogeological conditions

Reservoir permeability (experimental data)
Reservoir effective porosity
Roof and floor permeability

Reservoir permeability (data from pumping tests)
Top bottom aquifer

Ore leaching process
conditions

Beneficially metal leaching rate of ore sample
The leaching solution has beneficial mineral content

Unit metal leach agent consumption
Time required for leaching

Cleaning process test ore sample to cleaning water consumption

4. Countermeasures for Water Pollution Control In Situ Mining of Deep Bauxite

Compared with traditional mining and open-pit mining, the in-situ leaching mining
has achieved green and pollution-free mining to a large extent, but the complex and
changeable underground ore bodies, surrounding rock, roof and floor, permeability and
solubility of ore bodies are difficult to predict, and it is easy to form leaching agent leakage,
which will not only reduce the efficiency of in-situ leaching mining, but also cause water
pollution [27]. To prevent and control this potential problem, the seepage control strategy
of deep orebody leaching solution is put forward, including polymer resin filling and well
pattern seepage control.

4.1. Seal with Polymer Resin

Injection of polymer resin plugging refers to the injection of polymer resin insoluble in
leaching agent into the top and bottom of the mineral layer before the injection of leaching
agent, forming a polymer material barrier layer to prevent leaching solution through the
top and bottom into the aquifer (Figure 13). According to the hydrogeology of Ordos Basin,
the Carboniferous Benxi Formation bauxite layer is covered by Ordovician carbonate rocks,
and its groundwater belongs to karst water, which is the main aquifer in the periphery of
the basin. Therefore, the injection of polymer resin between bauxite layer and carbonate
rock can effectively form plugging and prevent the pollution of karst water by leaching
agent. Leakage points are identified through a combination of drilling, logging, geophysical
exploration, and tracer water injection testing. Subsequently, polymer resin is injected
into the borehole to seal these points and prevent the leakage of leaching solution into
the aquifer.

4.2. Well Pattern Seepage Control and Plugging

Well pattern seepage control plugging refers to controlling the flow direction of the
underground leaching solution by setting the well pattern to prevent the leaching agent
from entering the aquifer (Figure 14). Radial horizontal holes are drilled at the top of the ore
layer to inject the leaching solution, and radial horizontal holes are drilled at the bottom of
the ore layer to drain the leaching solution. To prevent the leaching solution from running
through the floor, multiple radial horizontal drilling holes can be drilled at the bottom of
the ore layer in the drainage well to collect the leaching solution, and the flow direction of
the leaching solution can be controlled by the pressure difference between the horizontal

19



Water 2023, 15, 2381

drilling hole of the injection well and the horizontal drilling hole of the drainage well to
prevent leaching solution from leaking and contaminating karst water at the bottom of the
ore layer.
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4.3. Establish Production Dynamic Monitoring System

Based on the hydrogeological research of the mining area, the dynamic production
monitoring system is designed to find out the geological conditions of the mining area,
deploy monitoring wells around the leaching area, track the groundwater situation of the
mining area in real time, investigate whether there are objects that need to be targeted for
pollution prevention, treat environmental problems from the root, and build a dynamic
production monitoring system [28]. The dynamic monitoring system includes the global
underground seepage monitoring system, groundwater index monitoring system, and
three-dimensional visualization system of leaching mining area, which can monitor and
prevent potential problems in real time, and deal with the problems in time, so as to
comprehensively prevent and control the occurrence of water pollution events.

5. Conclusions

(1) Geological research, including drilling and logging data, has revealed that the deep
bauxite deposits in the Ordos Basin exhibit a sandwich structure. This structure is
characterized by layers of claystone or shale above and below the bauxite deposit.
Furthermore, analysis of the bauxite using techniques such as Scanning Electron
Microscopy (SEM) and pore seepage analysis has shown that the bauxite contains
pores and fractures, indicating favorable reservoir physical properties.
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(2) The use of in-situ leaching mining technology in the extraction of metal solid minerals
has certain prerequisites. Sedimentary bauxite ore exhibits inherent characteristics
that make it suitable for this technology, including solubility, stability of ore body
deposition, favorable top and bottom plate conditions, and permeability of the ore
body. These characteristics provide a foundation for the application of in-situ solution
leach mining to deep bauxite ore in the Ordos Basin, and the concept and steps for
this mining method are proposed.

(3) This paper discusses how to establish barrier layer by means of well pattern seep-
age control and polymer resin infusion to prevent leaching solution from entering
aquifer, and establish dynamic monitoring system in mining area to track and monitor
groundwater situation in real time and prevent water pollution.
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Abstract: Fluoride (F) is an essential element of drinking water for human health, especially for
bone development and enamel creation. However, if the fluoride content in drinking water is higher
than 1.5 mg/L or lower than 0.5 mg/L, it will cause endemic diseases, such as dental fluorosis.
There are two main hydrogeological characteristics: the properties of the water-bearing rocks and
groundwater conditions controlled the groundwater in guide basin. The geothermal water can be
divided into fracture convection and sedimentary basin geothermal water according to its geological
environment and heat transfer mode. Inductively coupled plasma spectrometry is a significant
tool for groundwater quality analysis. The geochemical factors of fluoride enrichment in confined
geothermal water mainly include pH, ion exchange, and mineral saturation. Both groundwater
samples are slightly alkaline, while the phreatic water and surface water record pH values of 8.5,
7.78, and 7.8, respectively. The salinity of groundwater water is not high, but for confined geothermal
water, phreatic water, and surface water measures 706.0, 430.1 and 285.9 mg/L respectively. The
higher the pH of groundwater, the more beneficial it is to the enrichment of fluoride. In contrast, the
main cations in phreatic water and surface water are calcium ions and magnesium ions. The anions
in groundwater and surface water mainly include SO4

2− and HCO3
−, followed by Cl−, indicating

that the groundwater and surface water here is mainly leaching. Fluoride was shown to be positively
correlated with sodium and bicarbonate. Moreover, the results indicate that F− enrichment is usually
associated with high HCO3

− and Na+ concentrations in water, while a high Ca2+ concentration tends
to lower the F− concentration in water. This means that the ion exchange between calcium ions and
sodium ions may lead to fluoride enrichment in natural water. As mentioned above, high-sodium
and low-calcium water are favorable for fluoride enrichment. Moreover, saturation indices of fluorite,
gypsum, dolomite, and calcite, as well as the saturation index of fluorite, represent a vital method
to understand the fluoride enrichment. According to this study, fluoride as a pollutant poses great
risks to human health overall, whether lower than or higher than the drinking water limit. Children
face higher health risks than adults caused by confined geothermal water drinking intake. This
study suggests that groundwater treatment should be conducted to reduce fluoride concentration in
drinking water. It is suggested that when confined geothermal water is used as drinking water, it
should be mixed with phreatic water and surface water in a certain proportion to make the fluoride
in groundwater reach the range of safe drinking water.
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1. Introduction

Fluoride (F) is an essential element of drinking water for human health, especially for
bone development and enamel creation. A small amount of fluoride in drinking water is
highly beneficial to dental health, capable of preventing dental caries [1,2]. Nevertheless, a
high fluoride concentration in drinking water is one of the most critical problems in the
world. It is known that a fluoride content in drinking water is higher than 1.5 mg/L or lower
than 0.5 mg/L will cause endemic diseases, e.g., dental fluorosis. Approximately 200 million
people suffer from chronic fluorosis in 28 developed and developing countries, including
India, Brazil, the African continent, Pakistan, and China [3]. The high fluoride content in
groundwater is closely related to the geothermal distribution area in terms of geochemical
and hydrogeochemical characteristics, especially the geothermal water highly affected by
the water–rock interaction through the migration process. On the other hand, the effects
of the natural conditions and human activities on the physical and chemical features of
groundwater rise day after day. On the other hand, the most significant and main priority is
to understand the influence of water–rock interaction on element concentration to face and
resolve these challenges [4]. Many authors have focused on the fluoride concentration and
the factors which control and affect the behavior of fluoride ions in the groundwater. Liu [2]
and others pointed out that the essential factors which control the enrichment of the fluoride
ions include the alkaline environment, temperature, cycle depth, Lithology, and dissolution
of fluoride-bearing minerals (fluorite or fluorspar apatite, cryolite, etc.), in addition to
the cation exchange, as the main geochemical process which controls the hydrochemical
characteristics of high-fluoride geothermal water [2,5–8]. Generally, the environmental
studies and their issues, especially green energy, have global attention regarding to its
potential development and utilization value. China has been considered the sconed richest
country globally in terms of geothermal resources and reserves. The development and
utilization of geothermal energy are increasing at an annual rate of 10%. accompanied
by many environmental problems, such as air pollution, groundwater level decline, land
subsidence, etc., posing a hidden danger to the safety of the local drinking water.

The Qinghai-Tibet Plateau, known as the “Asia Water Tower”, is the main birthplace
of major rivers in China and Asia. In addition, the groundwater of the Qinghai-Tibet
Plateau represent an important part of China’s water resources, with a high abundance
of underground geothermal resources. Since 1978, there have been more than 20 artesian
wells with a depth of 200~600 M in this area. Up to now, more than 10 hot water wells have
been used as a drinking water source for humans and animals for a long time. An estimated
59,000 people are at risk from water-borne fluorosis and arsenic poisoning [9]. Shi [9] and
Zhang [10] believed that fluoride in hot water exists in a confined artesian hot water in the
Guide Group, and is controlled by structure, depth, and temperature [9,10]. The chemical
types of geothermal water in the Guide basin are SO4.Cl-Na. Instead, the local crustal
partial melting or magma chamber at 15~35 km beneath the Gonghe basin is characterized
by a relatively high geothermal background induced by the continental collision between
the Indian and Eurasian plates [11]. δD and δ18O indicated that the meteoric water is the
most likely source of the geothermal water in the Zhacang field, with depleted δD and δ18O
in deeper water indicative of recharge via snow melt and/or from cooler climates [12]. In
contrast, precipitation is the main recharge source for unconfined and confined groundwa-
ter in the study area, where the chemical composition of unconfined groundwater mainly
derives from the weathering of silicate and the dissolution of carbonate in the aquifer, while
that of confined groundwater is mainly controlled by the dissolution of evaporite, which
increases along the flow path. The chemical composition of unconfined groundwater is
variable seasonally, while the chemical composition of confined groundwater is temporally
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constant [13]. Dai [14] studied the convective geothermal water from five faults in the Guide
Basin as the research object and comprehensively utilized the hydrochemical characteristics
and the evolution of geothermal water in Guide Area, Qinghai, etc., suggesting that the
water–rock interaction degree in Guide Basin is high, and the geothermal water comes
from atmospheric precipitation [14]. Sun et al. [15] concluded that the enrichment degree
of fluoride ions in the water of the hydrochemical type Na in Tibet geothermal water is
higher than that of the water of the type of Ca. The enrichment mechanism of high fluoride
geothermal water mainly includes the upwelling mixing of the deep geothermal fluid
and the leaching of fluoride silicate minerals and fluorite during the downward seepage
of make-up water [15]. Zhang et al. [16] suggested that the typical harmful elements in
geothermal water in Tibet have an impact on river water quality [16]. The control function,
hydrogeochemistry, and human health risks of basin-type high-fluoride groundwater have
not been discussed in detail by the scientists in the context of the Qinghai-Tibet Plateau.
This paper will discuss the hydrogeochemical effects of the spatial distribution of fluoride
ion content on geothermal water and human health in the Guide Basin as an example, in
order to study the occurrence and the mechanism of faulted basins in Qinghai-Tibet Plateau
and the various risks caused by drinking water to provide a basic reference data for the
development and utilization of geothermal energy in fluoride-rich areas.

The guide basin is located in the southeast of Hainan Tibetan Autonomous Prefecture,
Qinghai province, approximately 97 km from Xining, and the basin is surrounded by
mountains (the Lagrange in the north, and Chamah in the south). The terrain is high
in the north and south, low in the middle, with an average elevation of about 3100 m.
The water system is developed in the basin, where steep slopes, low mountains, and hills
are common. The Yellow River enters from the Longyangxia Gorge in the western part
of the basin. Tributaries flow into the northern and southern sides of the river, forming
multi-level river and hilly landforms, where the two main largest tributaries flow into
the Yellow River on the east and west sides of Guide County’s seat. The confluence of
these three tributaries form a wide valley plain called the “Sanhe plain” (Figure 1). On
the other hand, the region is considered semi-arid continental climited, with an average
annual temperature of 8.5 ◦C, with large diurnal variations. The annual average rainfall is
275.8 mm, and the precipitation mainly concentrates from June to September. Moreover,
the mean annual potential evaporation is 1417.1 mm.
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2. Geological Setting

Proterozoic and Palaeozoic strata are exposed around the basin, Paleocene-Oligocene
Xining Group, and Miocene-Pliocene Guide Group, which are in turn from bottom to top.
Notably, the Neogene Guide Group and Quaternary have the widest distribution area and
greatest thickness. The Neogene Guide Group not only includes a confined artesian water,
but also confined artesian hot water (Figure 2) [17].
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Xining Group is composed of brownish-red mudstone, sandy mudstone, gray-green,
gray-white gypsum rock, and sandy argillaceous gypsum rock interbedded with sandstone
and siltstone convex mirror, which is a lacustrine gypsum-containing red clastic rock
deposit in a dry climate.

Guide Group is a set of a stratigraphic sequence composed of khaki, brownish yellow
mudstone, sandy mudstone, grayish white fine-medium conglomerate, gravelly sandstone,
sandstone, and marlstone, and this sedimentary environment is composed of salt lakeside-
brackish water or freshwater lakeside facies. This set of strata is widely distributed in the
Guide Basin. Except for the local areas along the fault zone in the basin edge belt, it inclines
slightly from the basin edge to the center of the basin. On the other hand, the upper part of
the Guide area is covered by the Lower Pleistocene of Quaternary sediments.

The Neogene Guide Group was formed in the environment of saltwater lakeside-
brackish water or freshwater lakeside in an arid and hot climate and is mainly composed
of fine-grained lacustrine strata, which are rich in organic matter. Rock cutting statistics
show that the sources of fluoride and arsenic in the strata are mainly Archean to Lower
Proterozoic metamorphic rocks and volcanic rocks in the Riyueshan and Lajishan areas in
the northern part of the basin [10]. The modern semi-enclosed topography and hydrogeo-
chemical environment of underground hot water are the main promoting factors to form
drinking water endemic fluorosis and arsenic poisoning areas.

The Guide Basin is dominated by fault structures, followed by fold structures. There
are mainly NWW-oriented structures in the north, NW-oriented structures and NNW-
oriented structures in the south-central part, and SN-oriented structures in the central and
eastern margins, with the development of EW-oriented and NE-oriented structures.

3. Hydrogeological Characteristics

Hydrogeological characteristic can be divided into two main categories, the first part
related to the type and properties of the water-bearing rocks and the second part related to
the main groundwater conditions.
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3.1. The Water-Bearing Rock Includes Four Essential Groups

(1) Loose Rock Pore Group:

This group is mainly distributed in the plain area of Sanhe Valley in the basin and
emerges as pores of Quaternary loose alluvial proluvial. The loose sediment is thick, and
the water quantity is controlled by the irregular recharge source. The variation in diving
water level is affected by rainfall, river recharge, and burial depth.

(2) Clastic Rock Fissure Pore Group:

This group is mainly distributed in the red bed, hilly area, and presents in the fissures
and pores of Paleogene clastic rocks. The lithology of this aquifer is mainly sand and
conglomerate, with pressure bearing poor to good water quality.

(3) Granite Fissure Group:

This group is mainly distributed in the Zhongshan area in the west of the survey
area and occurs in bedrock fissures or fault zones in Mesozoic clastic rocks and Indosinian
intrusive rocks, with poor to good water quality.

(4) Frozen Layer of Water:

The frozen layer of water is mainly distributed in mountainous areas above 3800 m
above sea level at the edge of the basin, and there are two modes of occurrence. The first
mode occurs in moraine and ice-water deposits of the middle and late Pleistocene and
Holocene, while the second occurs in Triassic sand slate and granite.

3.2. Groundwater Conditions (Recharge, Diameter, and Discharge)

The formation and circulation of groundwater in the study area are influenced by
stratum lithology, geological structure, hydrometeorology, and other factors. According to
the different types of groundwater, there are four main types of water in the study area:

(1) Porewater (Groundwater):

The groundwater is mainly recharged by rivers and a lateral supply of bedrock fissure
water in mountainous areas. The runoff condition is controlled by topography, with
horizontal runoff as a main factor, while the underground runoff is sluggish. Instead, the
main ways of discharge are evaporation and discharge to the Yellow River.

(2) Pore fissure water:

The hilly area is a distribution area of clastic rock fissure pore water, with strong
terrain cutting and well-developed valleys. Pore fissure water is laterally replenished
by atmospheric precipitation and bedrock mountain areas, with discharge usually to the
surface forming some springs in the valleys after a short run-off. The clastic fissure-confined
artesian water occurs usually in a fault contact with bedrock mountain areas as a complex
structure and extends to the Neogene water storage structure after being guided by a
fault zone.

(3) Fissure water:

The mountainous area exhibits high elevation, strong weathering of rocks, and steep
terrain with abundant precipitation, which is conducive to infiltration and replenishment of
atmospheric precipitation and the formation of bedrock fissure water. During the process
of groundwater migration and runoff along its fissures, there is some discharge into the
valleys in the form of springs, whereas the residual is supplied to the fissure pore water of
clastic rocks in the hilly area in a hidden way through stratum contact parts or pore water
of Quaternary loose rocks.

(4) Frozen layer water

Frozen soil (rock) is widely developed in Zhongshan and Gaoshan areas about 3800 m
above sea level and contains a frozen layer of water. Frequently, the groundwater in this
area present seasonal phase changes of liquid and is solid in shallow depths of 1~20 m [14].
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4. Occurrence of Geothermal Water

In general, the study area can be divided into fracture convection geothermal water
and sedimentary basin geothermal water according to its geological environment and heat
transfer mode. Meanwhile, the code for the geological exploration of geothermal resources
(GB-T-11615-2010) stipulates that the temperature of cold water is <25 ◦C and that of hot
water is ≥25 ◦C.

4.1. Fracture Convection Geothermal Water

Convective geothermal water is often distributed in the well-developed fault zone
around the basin in the form of hot springs. The Waligong Mountain fault zone in the
west is the most active geothermal area in the whole basin, with many hot springs, such as
Qunaihai, Zhacang Temple, and Xinjie Hot Springs, with the highest temperature reaching
the local boiling point of 93 ◦C. Furthermore, hot springs, such as Lancai, are also developed
in the Duohemao fault zone on the east side.

4.2. Sedimentary Basin Geothermal Water

The geothermal water in the sedimentary basin is exposed as a geothermal well, which
are distributed in the Sanhe Plain basin, with a width of approximately 6 km from north to
south and a length of approximately 20 km from east to west. There are two NS-trending
compressive fractures and one EW-trending tensile fracture in the plain. These fractures
are good heat conduction channels. On the other hand, there are no hot springs exposed.
The thermal reservoir in Sanhe Plain can be divided into three thermal reservoirs:

(1) The Neogene thermal reservoir cap is approximately 160~240 m thick, while the
thermal reservoir section is approximately 180 m thick. The water content mostly
is good, and the orifice temperature is approximately 18.5~28 ◦C, reaching 34.6 ◦C.
In contrast, the geothermal gradient is generally approximately 6.67~9.70 ◦C/100 m,
which is the low-temperature thermal reservoir.

(2) The buried roof depth of the Paleogene thermal reservoir cap is between 1200 and
1500 m, and the thickness of the thermal reservoir section is approximately 600~800 m,
with good water-rich properties and high temperature.

(3) The buried top plate depth of Cretaceous and Jurassic thermal reservoirs is 2700~3400 m,
and the thickness of thermal reservoirs is 1000~1600 m. The poor property of water
and the low temperature of the thermal fluid can be attributed to the lack of water and
heat [17]. More than 20 exploratory and mining combined hydrogeological boreholes
with a depth of 200~600 m have been established out in the Guide area. The revealed
confined artesian water of fissures and pores of clastic rocks in the basin mainly occurs
in the Guide Group of Neogene, and the water-bearing rock group is composed of
multiple aquifers, with complex distribution and water abundance. The confined
artesian water mainly occurs in the siltstone of the Zhongyan Formation [9].

5. Methodology

The groundwater samples were obtained from the anysis data in some previous
works [9] combined with the test results of “Investigation on Mineral Resources Develop-
ment and Geological Environment Impact of Qinghai-Tibet Plateau” from 2012 to 2015 by
Xi’an Geological Survey Center of China Geological Survey. The groundwater samples
were taken in layers and preserved at 4 ◦C, and then to the lab for analysis within 4 days.
An inductively coupled plasma spectrometer was used for groundwater quality analysis,
and the contains of Na+, SO4

2−, Cl−, Ca2+, Mg2+, and HCO3
− were measured by double

indicator-neutralization titration. The content of F− in groundwater was analyzed by ion
chromatography. All analysis was performed by the Qinghai Hydrogeological Engineering
Geological Environment Geological Survey Institute. Hydrochemical components were
compared with Chinese national groundwater quality guidelines [18,19] to assess their
suitability for drinking water. Therefore, only drinking water intake was considered in
this study. Fluoride is a non-carcinogenic risk factor. Therefore, the non-carcinogenicity
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evaluation risk model recommended by the US EPA [20] was used to evaluate the fluorine
content in groundwater in the study area for health risks.

Based on the assessment results, F− was selected to perform the non-carcinogenic
health risk assessment using the model recommended by the U.S. Environmental Protection
Agency (USEPA) [21], with parameter values suitable for the study area. In terms of
exposure pathways of fluoride, drinking water intake was considered. The assessment
model of intake-induced risks to health is as follows:

HQ = CDi/RFD (1)

where HQ denotes the hazard quotient of noncarcinogenic health risks, and HQ > 1 means
high potential health risks that are unacceptable for adults and children.

The daily average exposure doses per unit weight (CDi) through drinking water are
expressed using CDid and CDif, respectively. They can be calculated as follows:

CDif = (Ci × Yfi)/BW (2)

CDf = ΣCDif (3)

CDid = (Ci × IR × EF × ED)/(BW × AT) (4)

The calculation parameters are shown in Table 1.

Table 1. Parameters in the health risk assessment model.

Parameter Meaning Children Adults Reference Standards

Ci Contaminant concentration in water

USEPA 2017

IR Daily intake of drinking water 1.0 L/d 0.6 L/d
EF Exposure frequency 365 days 365 days
ED Exposure duration 12 years 25 years
BW Body weight 15.9 kg 56.8 kg
AT Average time for noncarcinogenic effect 4380 days 9125 days
CDi Quotient

RFD non-carcinogenic reference dose of F−

through oral intake 0.03 mg/(kg·d) 0.06 mg/(kg·d)

HQ Non-carcinogenic risk

6. Results and Discussion
6.1. Hydrochemistry and Water Quality Assessment

According to the statistical data of water samples listed in Table 2, both groundwater
and surface water samples are slightly alkaline, with average pH values of confined
geothermal water, while the phreatic water and surface water measure 8.5, 7.78, and
7.8, respectively. The salinity of groundwater and surface water is not high, but for
confined geothermal water, phreatic water, and surface water, 706.0, 430.1, and 285.9 mg/L,
respectively. Therefore, groundwater and surface water in Guide Basin are freshwater
resources. The cations of underground hot water are mainly sodium and potassium ions
followed by calcium and magnesium ions. The cations in phreatic water and surface water
are mainly calcium ions and magnesium ions. The anions in groundwater and surface
water mainly include SO4

2− and HCO3
− followed by Cl−, indicating that the groundwater

and surface water here is mainly leaching. The fluoride concentration in hot water under
pressure is 0.43–5.7 mg/L, which is relatively high, while the fluoride content in diving
water and surface water cannot be detected. The fluoride content in most of the confined
hot water in the study area at 160–240 m exceeds the standard, except in the upper reaches
of Xihe River and Donghe River. From an epidemiological point of view, excessive fluoride
in drinking water will increase the risk of dental fluorosis and skeletal fluorosis (Figure 3b).
Consequently, the drinking water must be treated to reduce fluoride concentration.
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Table 2. Statistical analysis of physicochemical indices of samples against drinking water guidelines.

Index TDS
(mg/L) pH T Na+ + K+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Cl−

(mg/L)
SO42−
(mg/L)

HCO3−
(mg/L)

F−
(mg/L)

Confined
Geothermal water

Min. 379.8 7.35 18.5 113.1 4.4 0.3 15.5 44.8 82 0.4
Max. 1393.2 8.9 41.4 368.1 48.8 5.3 406.1 901 411.5 5.7
Mean 706.0 8.5 29.7 211.1 9.60 1.79 143.7 132.73 199.79 2.7

Phreatic water 430.1 7.78 9.5 2.8 21.5 74.6 13.1 26.4 49.4 0
Surface water 285.9 7.8 14.0 7.4 7.4 51.4 9.2 7.2 24.6 0
Chinese guidelines 1000 6.5–8.5 200 / / 250 250 / 1
WHO guidelines 1000 6.5–8.5 200 / / 250 250 / 1.5
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6.2. Hydrogeochemical and Their Influencing Factors
6.2.1. Dominant Zones of Hydrogeochemical Process

The Gibbs diagram was used to further analyze the fluoride sources of water samples.
(Figure 4). All water samples fell within the dominant zone of rocks, indicating that the
chemical properties of the groundwater and surface water in the study area are controlled by
weathering or the rock and water–rock interactions. In contrast, the groundwater samples
which fall in the partially balanced or mixed water area indicate that the geothermal water
may be mixed with cold water near the surface (Figure 5).
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6.2.2. Impacts of pH

In geothermal water, fluorite (CaF2) is one of the most vital minerals because it will
react to produce fluoride ion (F−), which can react with calcium ion Ca2 [22]. The reaction
formula is as follows:

CaF2 → 2F− + Ca2+ (5)

Groundwater with high pH can dissolve aluminosilicate minerals, so the alkali metal
hydrolysis will increase the alkalinity of water and promote the dissolution of fluorosilicate
minerals, e.g., fluorite and fluorosilicate minerals, then release fluoride to increase the
fluoride content in groundwater. Therefore, the higher the pH of groundwater, the more
beneficial it is to the enrichment of fluoride [23]. According to the investigation, the pH
value of pressurized geothermal water in the study area is between 7.35 and 8.9, and the
pH value of surface water is 7.8, which can facilitate the dissolution of fluoride-containing
minerals. On the other hand, a Pearson correlation matrix showed that fluoride is positively
correlated with sodium (r = 0.583) and bicarbonate (r = 0.629) (Table 3). Consequently, it can
be inferred from Pearson correlation matrix that the fluoride-rich groundwater is highly
alkaline and low in hardness [24]. The range of water hardness in the study is 5–51.2 mg/L,
which is below the national drinking water standard of 450 mg/L. Furthermore, in alkaline
environments, hydroxyl can replace fluoride-containing minerals, such as biotite and
muscovite [25], which leads to an increase of the fluoride content in the groundwater. The
main rock type in Zhacangsi geothermal field is granite, which mainly contains quartz,
mica, and feldspar [26]. Moreover, the Guide County Basin is a geothermal anomaly area
with characteristics of both structural fault-type thermal anomaly and structural basin-type
thermal anomaly. The heat source of the Piedmont Zone in the southwestern part of the
basin is Indosinian Granodiorite [27]. There are a lot of biotite/muscovite/chrysotile in
granite. The exchange between hydroxyl and biotite/muscovite/chrysotile asbestos is
as follows:

KMg3(AlSi3O10)F2 + 2OH− → KMg3(AlSi3O10)(OH)2 + 2F− (6)

KAl2 (AlSi3O10)F2 + 2OH− → KAl2(AlSi3O10)(OH)2 + 2F− (7)

Na3A1F6 → 6F− + 3Na+ + A13+ (8)

Table 3. Pearson correlation matrix of hydrogeochemical parameters of confined geothermal water in
guide basin.

pH K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− F−

pH 1 −0.664 ** −0.669 ** −0.737 ** −0.316 −0.737 ** −0.079 −0.163 −0.151
K+ 1 0.616 ** 0.823 ** 0.364 * 0.772 ** −0.005 0.110 0.194

Na+ 1 0.411 * 0.469 ** 0.699 ** 0.004 0.635 ** 0.583 **
Ca2+ 1 0.106 0.772 ** 0.198 −0.315 −0.127
Mg2+ 1 0.410 * −0.208 0.526 ** 0.125
Cl− 1 0.169 0.037 0.126

SO4
2− 1 −0.215 −0.384 *

HCO3
− 1 0.629 **

F− 1

Notes: ** Correlation is significant at the 0.01 level (2-tailed). *: Correlation is significant at the 0.05 level (2-tailed).

6.2.3. Hydrochemical Environment

The enrichment of fluoride in water is controlled by a specific hydrochemical en-
vironment. A Piper diagram (Figure 6) was plotted to understand the impacts of the
hydrochemical facies on the fluoride enrichment in water, as well as the high-fluoride
groundwater mainly distributed in areas with Na+ contents (meq) > 80%; and HCO3

−
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contents (meq) > 60%. Hydrochemistry analysis of geothermal fluids shows that the high-
temperature thermal water is mainly of SO4 · Cl–Na type, and the low-temperature thermal
water is mainly composed of SO4–Na, SO4 · HCO3–Na. The piper diagram indicates
that F− enrichment is usually associated with high HCO3

− and Na+ concentrations in
water (Figure 5), while a high Ca2+ concentration tends to lower the F− concentration in
water. Therefore, fluorite (CaF2) can be dissolved and F− is released into groundwater with
Na-bearing salts, or alternatively F− can react with Ca2+ to form fluorite (Figure 7).

Fundamentally, the concentrations of major ions are the most affected factor in the
hydrochemical environment. As shown in the Pearson correlation matrix (Table 3), HCO3

−

is significantly correlated with Mg2+ (r = 0.526) and the saturation index is lower than 0,
indicating that carbonate mineral dissolution is an essential process in the groundwater
system. This is consistent with the result of Wang Zhen’s research, which promotes the
increase of bicarbonate chemical compositions of confined groundwater. This process is
controlled mainly by the dissolution of evaporite, which commonly increases along the flow
path [13]. Moreover, the ion exchange between calcium ions and sodium ions may lead to
fluoride enrichment in natural water. As mentioned above, high-sodium and low-calcium
water are favorable for fluoride enrichment, and thus the changes in sodium and calcium
concentrations caused by ion exchange will inevitably affect fluoride behavior. In this study,
the binary graph of Na+-Cl− vs. (Ca2+ + Mg2+)-(HCO3

− + SO4
2−) is utilized to explain the

cation exchange process [2]. This shows that there is a linear relationship between Na+-Cl−

and (Ca2+ + Mg2+)-(HCO3
− + SO4

2−), with a slope of −0.279 (r = 0.767). The slope is far
less than 1, indicating that the ion exchange is not too strong, and most of the samples are
located in the cation exchange control area rather than the anion exchange area, which
indicates that the exchange of Na+ and Ca2+/Mg2+ may occur in the study area (Figure 7a).
Indeed, this is good evidence that the cation exchange plays an important role in regulating
the chemical evolution of natural water. Additionally, the positive correlation between
F− and Na+/Ca2+ ratio with a slope of 0.002 (r = 0.563) indicates that the cation exchange
between Na+ and Ca2+ affects the fluoride enrichment in the study area (Figure 7b).
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6.2.4. Saturation Index of Minerals

The sedimentary lithology of the confined aquifer in the Guide basin is mainly com-
posed of dark gray mudstone, earthy red clay, and dark gray fine sand. Furthermore, the
main minerals in the composition are quartz, aragonite, mica, and albite. In addition, the
Xining Group (Exn) is composed of reddish-brown mudstone, sandy mudstone, lime-green
gypsum, lime-white gypsum, sandy argillaceous gypsum, and siltstone convex body. The
rock composition of each stratum is mainly a set of flysch clastic rocks, siliceous rocks,
some carbonate rocks, and a few volcanic rocks, which constitute the main provenance
of Cenozoic basins in the southern and northern margin of the basin. The dissolution or
precipitation of minerals depends on the saturation indices of minerals, which are used
to denote the saturation state of water relative to minerals and indicate the dissolution or
precipitation behavior of minerals. On the other hand, the impacts of mineral saturation
on fluoride enrichment can be understood by calculating the saturation indices of fluoride
bearing minerals, such as dolomite, calcite, gypsum, and fluorite. The dissolution behavior
of these minerals was notably interdependent since they all contain calcium ions. The
low solubility of gypsum will lead to the high solubility of fluorite [28]. Furthermore, the
saturation index of calcite varied from −3.53 to 0.74, and that of dolomite ranged from
6.03 to 0.3, indicating that dolomite and calcite are unsaturated or close to saturation. The
saturation index of gypsum was −3.62~−1.6, indicating that gypsum is also unsaturated.
This implies that calcite, dolomite, and gypsum can continue to dissolve and release Ca2+

into groundwater, which will affect the fluoride enrichment in natural water (Figure 8). The
saturation index of fluorite ranged from−3.37 to 0.01, indicating that fluorite is unsaturated.
Meanwhile, fluorite dissolution contributes to an increase in fluoride content. This can be
confirmed by the logarithmic positive correlation between fluoride and fluorite saturation
index (R2 = 0.851).
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6.3. Health Implication of Fluoride in Water

As proposed by the WHO, fluoride mainly affects human health in three ways, namely
drinking water, skin contact, and food intake. The health risk of fluorine exposure through
skin and air is very small [29]. This study focuses on the risks to the health of adults
and children caused by excessive fluoride in drinking water. Table 4 shows that the HQ
values of fluoride in confined geothermal water are between 0.54–7.17 (average: 4.12) and
0.25–3.35 (average: 1.62), respectively for children and adults. While the HQ values of
fluoride in phreatic water and surface water were both 0. This indicates that the risks of
fluoride through drinking confined geothermal water intake are unacceptable.

Table 4. Fluoride contents of drinking water and their non-carcinogenic health risks for adults
and children.

Water Sample
Number

Statistic
Parameter

Health Risks for
Children

Health Risks
for Adults

Confined
Geothermal

water
31

Average 4.12 1.62
Maximum 7.17 3.35
Minimum 0.54 0.25

phreatic water 1 concentration 0 0

surface water 1 concentration 0 0

Normally, if the fluoride content in water is lower than 0.5 mg/L, children will easily
get dental caries after drinking for a long time. However, the formula developed by the
USEPA [26] is imperfect and only aims at a design higher than the safety threshold. The
authors think that the relative risk to human health can be adopted. Specifically, the fluoride
concentration is expressed as the difference between the test concentration and the safety
threshold concentration. Additionally, the calculated risk value is the relative risk to human
health. More precisely, if the fluoride content is lower than 0.5 mg/L, there will be risks.
However, there will be no risk within the safety thresholds.
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Table 5 shows that the HQ values of fluoride in phreatic water and surface water for
children and adults respectively were 0.63 and 0.29, respectively, while the HQ values of
fluoride in confined geothermal water are between 0.00–5.28 (average: 1.67) and 0.00–2.46
(average: 0.78).

Table 5. Fluoride contents of drinking water and their modified non-carcinogenic health risks for
adults and children.

Water Sample
Number

Statistic
Parameter

Health Risks for
Children

Health Risks
for Adults

Confined
Geothermal

water
31

Average 1.67 0.78
Maximum 5.28 2.46
Minimum 0.00 0.00

phreatic water 1 concentration 0.63 0.29

surface water 1 concentration 0.63 0.29

As for the prevention and control measures in respect of fluoride in groundwater. The
groundwater treatment should be conducted to reduce fluoride concentration in drinking
water. It is suggested that when confined geothermal water is used as drinking water, it
should be mixed with phreatic water and surface water in a certain proportion to make the
fluoride in groundwater reach the range of safe drinking water.

7. Conclusions

High fluoride geothermal water has become a major public health problem in many
areas of China, especially in the Qinghai-Tibet Plateau areas. In this study, the reasons
for fluoride enrichment were revealed according to the hydrochemical characteristics of
natural water in the confined geothermal water in faulted basins in the Qinghai-Tibet
Plateau, and the potential human health risks of fluoride in drinking water were quantified.
The conclusions are as follows.

(1) As indicated by the analysis of the Gibbs diagram concerning fluoride, the fluoride
in groundwater is mainly related to the water–rock interaction. These geothermal
waters may be mixed with near-surface cold water.

(2) The hydrogeochemical factors of fluoride enrichment in confined geothermal water
mainly include specific natural factors, such as pH, ion exchange, and mineral saturation.

(3) The groundwater in the study area is slightly alkaline compared with the drinking
water quality standards of China and the WHO. The confined water in the Guide
basin presents high fluoride concentration (0.43–5.7 mg/L), while phreatic water and
surface water present fluoride levels that are too low to drink. It is suggested that for
Department of Water Resources Management that when confined geothermal water
is used as drinking water, it should be mixed with phreatic water and surface water
in a certain proportion to make the fluoride in groundwater reach the range of safe
drinking water.

(4) Excessive fluoride in drinking confined geothermal water will cause health risks in
adults and children. According to this study, fluoride is an element that causes great
risks to human health over time in general. The HQ highest value of fluoride in
confined geothermal water was 5.28. Meanwhile, children face higher health risks
than adults caused by water drinking intake. Therefore, measures should be taken
to ensure the health and safety of residents. Human health requires a groundwater
fluoride concentration of less than 0.5 mg/L, which offers greater protection. This
provides a reference basis for water management.
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Abstract: Mining has brought many environmental problems to the surrounding soil, water, and
air, with toxic elements contaminating surface water, threatening ecological balance and human
health. This study selected the Wenyu watershed downstream from a large molybdenum mine in
the Qinling Mountains as the study area, aiming to explore the impact of molybdenum mining on
surface water quality. The content characteristics of Cd, Pb, Cu, Cr and Hg in surface water, sediment,
and rock samples were analyzed by field sampling and chemical testing. The results showed only
obvious Cd pollution. The pollution status and ecological risk level of surface water and sediment
samples in the Wenyu Stream watershed were evaluated using the single pollution index method,
geo-accumulation index method, and Hakanson potential ecological risk assessment method. Finally,
the sources of Cd pollution and the impact of mining on Cd distribution in the Wenyu Stream were
comprehensively discussed. The research results showed that Cd content in the Wenyu Stream was
significantly affected by mining activity and the coefficient of variation of Cd content reached 99.44%.
Among 22 surface water samples, 21 samples met the Class II water standard, indicating a clean
overall water quality of the Wenyu Stream, and only one sample exceeded the Class II water standard
with a mild pollution level. All 15 sediment samples were polluted to varying degrees and the most
severely polluted sample had reached a moderate to strong pollution level. Most of the samples were
at a moderate pollution level. The potential ecological hazard indexes of Cd content were at medium
to very strong risk level, indicating that the overall sediment in the main ditch of the Wenyu Stream
was under a strong ecological risk level. The main sources of Cd pollution, including acid mine
drainage, regional geological background, sediment release, and atmospheric dry and wet deposition,
were discussed.

Keywords: molybdenum mining; cadmium pollution; surface water; sediment

1. Introduction

Mining resources exploration has made great contributions to the development of
the local economy and has brought a series of favorable conditions for local employment,
taxation, etc. However, unreasonable and unscientific mining resource development has
also caused a series of ecological environment deterioration problems, such as vegetation
damage, landscape damage, groundwater level decline, water pollution, and heavy metal
pollution in crops [1–4]. The problem of heavy metal pollution in surface water has always
been the focus of many studies because it is related to the daily life of residents living near
the river, such as drinking water quality, crop irrigation, and food safety. Predecessors
have investigated the total amount of heavy metal elements in the sediments of Taiyu River
and Taiyu Reservoir in Tongguan gold mining area and discussed the pollution degree
of heavy metal elements in the river sediments concerning the gold mining activities [5].
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Some studies also showed that the contents of Hg, Pb, Cd, As, Cr, Cu, and Zn in the
sediments of the Xiyu river were adjacent to the Taiyu River and evaluated the pollution of
the Xiyu River sediment affected by gold mining activities. The results indicated that Hg
and Pb were the main pollution elements. Meanwhile, the elements with strong potential
ecological hazards in the whole Xiyu River were revealed to be Hg and Pb through the
evaluation of the potential ecological hazard index method [6]. Another study analyzed
the content of heavy metal elements in the river water and sediment of typical rivers in
the Xiaoqinling gold mining area and four rivers, with seven heavy metal elements in the
mining area exceeding the national standard limit. The main occurrence form of heavy
metal elements in rivers was the sedimentary state, and the adsorption and desorption of
sediment were the main controlling factors for the changes of heavy metal elements in river
sediment and river water along the river [7]. In southern China, the mining drainage water
from Dabaoshan polymetallic mine in Guangdong Province has a long-term impact on the
Hengshi River. Many studies have studied the spatial distribution of the concentration
of six heavy metal elements (Mn, Cu, Zn, As, Cd, and Pb) in the suspended solids of the
river. The results showed that the suspended solids in the Hengshi River were seriously
polluted by heavy metals from Dabaoshan mining drainage water, and the concentration of
heavy metals gradually decreased along the flow path, which was significantly positively
correlated with the content of suspended solids [8]. Subsequently, 60 water samples were
collected in the Dabaoshan mining area by 1 km square grid cells, and the distribution
characteristics of 10 toxic elements, including Cr, Cd, Co, Ni, Cu, Zn, As, Sb, Hg, and Pb,
were obtained through chemical testing. It was found that the most serious pollution was
Cd, followed by Zn, Cu, Pb, Cr, Ni, and Hg. According to the analysis of the concentration
center distribution of elements, the pollution sources are mainly pit soil, tailings, waste
rock piles, and civilian mining sites [9]. Many previous studies on heavy metal pollution of
rivers in mining areas in China have played a strong role in promoting the prevention and
control of river pollution and achieved fruitful results. However, for the research on heavy
metal pollution of rivers in the mining area, most predecessors used sediment to deduce the
pollution of river water, while few studies have comprehensively evaluated water pollution
by directly testing river water samples and studying the content characteristics of heavy
metal elements in sediment, rock, and ore samples [10,11].

Cadmium (Cd) is a toxic heavy metal element which has the characteristics of high
toxicity, difficult degradation, and easy residue and is one of the “five toxins” in the
environment. Mining, beneficiation and metallurgy, sewage irrigation, and other activities
will lead to the entry of Cd into the environment, which will not only affect the quality
of water and soil, cause harm to the ecological environment, but also directly affect the
quality and safety of agricultural products and threaten people’s health through the food
chain [12]. In recent years, heavy metal pollution incidents have occurred frequently,
causing serious harm to people’s production and life and local water environment ecology.
Among them, the cadmium pollution incident in Longjiang, Guangxi province, in January
2012, had a significant social impact [13]. Since the 1920s, with the development of the
global electrolysis industry, the annual production of Cd has significantly increased, and the
environmental pollution problems caused by Cd have also emerged [14]. The most famous
public nuisance event caused by Cd pollution is the Itai-itai disease event in the Jinzū River
of Toyama Prefecture, Japan [15]. In addition, according to relevant research reports, the
“cancer village” in Longling village, Hua County, Shaanxi Province, may also be related
to Cd pollution [16]. Therefore, studying the pollution characteristics of representative
harmful heavy metal element Cd is of great significance for river pollution prevention and
control work.

Qinling Mountains is an important water conservation area for the South–North
Water Transfer Project. In the journey of carrying out ecological civilization construction,
its important position is increasingly prominent [17,18]. As a unique resource treasure
trove and national-level ecological environment protection zone in recent years, Shaanxi
Province has issued a series of ecological environment protection policies and regulations
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for the Qinling Mountains [19,20]. A previous study had discussed the overlying water and
sediment in a reservoir downstream of a molybdenum mining area, but a comprehensive
analysis of the pollution of surface water and sediment in streams or rivers has not yet
been conducted [21]. In order to explore the impact of molybdenum mining activities on
surface water quality, Wenyu Stream, within the influence range of a large molybdenum
mine exploration in the Qinling Mountains, was selected as the study area. On the basis of
analyzing the Cd, Pb, Cu, Cr and Hg contents in surface water, sediment, and surrounding
rocks, only Cd exceeded the limit given by Soil Environmental Quality—Risk Control
Standard for Soil Contamination of Agricultural Land (GB 15618-2018) and Environmental
Quality Standard for Surface Water (GB 3838-2002) [22,23]. Then, the single pollution index
method was used to evaluate the pollution status of Cd in surface water in Wenyu Stream.
The geoaccumulation index and potential ecological risk evaluation were applied to study
the pollution status and ecological risk degree of Cd in sediment and to explore the source
of Cd in river water. This manuscript aims to provide a scientific basis for the sustainable
development of the mining industry and the prevention and control of water and soil
environmental pollution in the region.

2. Materials and Methods
2.1. Study Area

Wenyu Stream originates from the valley of the southeast slope of the Qinling Moun-
tains, about 5 km northwest of Jindui town in the southeast of Shaanxi province. The stream
is formed by several mountain streams with a total length of about 33 km from north to
south. The mining and mineral processing area is 26 km away from the Luohe River
downstream of the Wenyu Stream (Figure 1). The stream bed in the valley at the upper
reaches of the stream is narrow, with a rapid and small flow. Only a small amount of sand
and gravel are deposited at the bottom of the stream bed. Bedrocks are exposed in some
sections, and farmland is rarely distributed on both banks. The terrain from the middle
reaches of the stream to the downstream banks is relatively flat, the stream bed is becoming
wider, the flow is slowing down, the flow is gradually increasing due to the continuous
inflow of branch streams, and the sediment at the bottom of the stream bed is gradually
increasing. The middle and upper reaches of Wenyu Stream are a large-scale molybdenum
open-pit mining and beneficiation area. The stream is about 7 km long from north to south.
Mining facilities, such as open-pit mining, waste piles, tailings pond, and concentrator, are
distributed on the terraces on the east and west sides of the ditch. The study area is situated
within the monsoon humid climate zone at the southern edge of the warm temperate zone,
featuring distinct climatic patterns in mountainous regions. The mean annual temperature
within this mining locale averages 11.5 ◦C. Precipitation levels typically range around
770 mm annually, with a significant portion of this precipitation concentrated between July
and October, constituting approximately 60% of the total. Throughout the year, the prevail-
ing wind direction is predominantly northwest-east, with an annual average wind speed of
approximately 1.5 m/s [24]. The fault structure in the study area is the Yanmen sag fault,
with strike of 70◦ to 90◦, dip of 62◦ to 72◦ and width of 200 m to 300 m. The exposed strata
are mainly volcanic rocks of the Middle Proterozoic Xionger group, including metamorphic
andesitic porphyrite and tuffaceous slate. In the southeast of the study area, some quartzite
of the Mesoproterozoic Daokou group is unconformably covered in the Xionger group. The
intrusive rocks are mainly Yanshanian granite porphyry [25]. The main minerals in the
large molybdenum mining area are molybdenite and pyrite, accompanied by sphalerite
and chalcopyrite. The mine has been explored for over five decades since 1966.
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2.2. Methods

In this study, surface water and sediment samples were collected from north to south
at an average density of one sample per kilometer in the Wenyu Stream Basin and within
a process of about 26 km that may be affected by mining activities. Water samples and
sediment samples upstream of the tributary inlet of Wenyu Stream were also collected. A
total of 32 water samples and 17 sediment samples were collected in the field work from
July to August in the year of 2022 (Figure 1). In order to compare and evaluate the impact
of Molybdenum Mining on the enrichment of toxic elements in streams and the source of
pollutants, three water and sediment samples were collected as the contrast samples at the
ridge where there was no mining activity at the source of the Wenyu Stream (sampling
points of C1, C2, and C3 in Figure 1) and five surrounding rock samples were collected
around the open pit (Figure 1, sampling points of R1 to R5).

When collecting water samples, 500 mL clean polyethylene bottles were used to
collect surface water samples, and small shovels were used to collect fine sediment at the
bottom of the streambed. The sediment samples were put into cloth bags with plastic bags
inside. The sediment samples were dried at room temperature, ground with a mortar, and
sieved through a 200 mesh sieve for analysis and testing. Rock samples were processed to
200 mesh by coarse crushing, medium crushing, and shrinkage fine grinding for analysis
and testing. A certain amount of sediment powder was weighed, an appropriate amount of
aqua regia was added, and the mixture was heated on a heating plate to boil slightly for 2 h
for digestion. After digestion, the solution was cooled, filtered with qualitative filter paper,
and collected. The volume was fixed to a certain scale. A certain amount of rock powder
was weighed and added into a tetrafluoroethylene crucible, distilled water was added to
infiltrate, then an appropriate amount of perchloric acid was added, and it was heated on the
electric heating plate to dissolve. The solution was removed when it was nearly evaporated
to dryness, an appropriate amount of hydrofluoric acid and distilled water was added after
cooling, and then evaporate to dryness. Finally, the crucible was removed, an appropriate
amount of perchloric acid was added, and then it was heated until the white smoke of
perchloric acid disappeared. After evaporation, an appropriate amount of hydrochloric acid
and a small amount of distilled water were added, and then it was heated until the solution
is transparent. The solution was cooled and then fixed to a certain scale. The analysis of
Cd in water sample, sediment, and rock was completed by Xi’an Geological Survey Center
of China Geological Survey. All testing steps were carried out in strict accordance with
the Technical Code for China Geological Survey—Technical Requirements for Analysis
of Ecological Geochemical Evaluation Samples (DD2005-03) [26]. The pH values of the
water samples were measured in the laboratory with Rex phs-3c pH meter (Shanghai
Inesa Scientific Instrumental Co., Ltd., Shanghai, China), the measurement resolution
was 0.01 pH, and the accuracy was about ± 0.01 pH. The Cd in the water sample was
determined by an inductively coupled plasma mass spectrometer (ICP-MS) (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Before determination, the water samples were acidified
with 1% superior pure nitric acid to pH < 2. The contents of Cd in sediment samples were
mainly determined by an induced coupled plasma atomic emission spectrometer (ICP-AES)
(Thermo Fisher Scientific Inc., Waltham, MM, USA). Rock samples were determined by
an atomic fluorescence spectrometer (AFS-2202E) (Beijing Haiguang Instrument Co., Ltd.,
Beijing, China).

The relative deviation limits of Cd, Pb, Cu, Cr, and Hg in the two standards of Soil
Environmental Quality—Risk Control Standard for Soil Contamination of Agricultural
Land (GB 15618-2018) and Environmental Quality Standard for Surface Water (GB 3838-
2002) should be within 20%, and 10% of the duplicate samples of each batch of tests should
be randomly selected for retest. In this study, 3 water samples and 2 sediment samples
were selected as duplicate samples. The quality of sample test results shall be evaluated
according to the relative deviation:

RD =
|A− B|
(A + B)

× 100% (1)
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where RD is the relative deviation, A is the measured values, and B is the measured values
of the duplicate samples.

The water quality in this study was evaluated using the single pollution index method.
In accordance with the objectives of watershed classification for Wenyu Stream, which
serves as a primary drinking water source protection area, the water quality of Wenyu
Stream must meet the Class II surface water standard [27]. The Cd single pollution indexes
of surface water and sediment were calculated by the following formula [28]:

PCi = (Ci − C0)/C0 (2)

where PCi is the single pollution index of Cd element, Ci represents the measured con-
centration of Cd content (surface water in mg/L, sediment in mg/kg), C0 is the limit
value of Cd content in surface water quality standard Class II (mg/L) or the Cd content
of the background from the contrast area (mg/kg) [23]. The single-exceedance factors can
generally be divided into five levels to represent the range of pollution levels (Table 1).

Table 1. The relationship between single pollution index and the pollution degree level.

Pollution Level No Pollution Light Pollution Moderate Pollution Heavy Pollution Extreme Pollution

The single pollution
index (PCi)

PCi ≤ 0 0 < PCi ≤ 1 1 < PCi ≤ 4 4 < PCi ≤ 10 10 < PCi

In order to comprehensively analyze the impact of pollutants on surface water/sediment,
the Nemerow pollution index method was used to evaluate Cd, Pb, Cu, Cr, and Hg in surface
water/sediment. Nemerow pollution index method reflects the comprehensive effect of
various pollutants on surface water/sediment and highlights the impact of high-concentration
pollutants on the environmental quality of surface water/sediment. The calculation formula is:

PNi =

√
P2

imean + P2
imax

2

where PNi is the Nemerow pollution index of sample i, Pimean is the average value of all
the single pollution indexes of sample i, Pimax is the max value of all the single pollution
indexes of sample i. The Nemerow pollution index can generally be divided into five levels
to represent the range of pollution levels [22,23] (Table 2).

Table 2. The relationship between the Nemerow pollution index and the pollution degree level.

Pollution Level No Pollution Light Pollution Moderate Pollution Heavy Pollution Extreme Pollution

The Nemerow
pollution index (PNi)

PNi ≤ 1 1 < PNi ≤ 2 2 < PNi ≤ 3 3 < PNi ≤ 5 5 < PNi

The sediment is an important component of the riverbed structure, and the sedi-
ment not only serves as a repository for heavy metal pollutants but also as a potential
secondary pollution source with potential impacts on water quality in the aquatic-sediment
system [29]. The content of heavy metal elements in riverbed sediments is an important
reference index for determining the quality of the water environment [30]. In this study,
the geoaccumulation index method was used to evaluate 16 sediment samples collected in

Wenyu Stream watershed. The geoaccumulation index method was proposed by M
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from the Institute of Sedimentology at Heidelberg University in 1969. It is a quantitative
evaluation method for studying the degree of heavy metal pollution in sediments in water
environments, and it is currently one of the most widely used methods for evaluating
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modern sediments with heavy metal pollution [31,32]. The specific calculation formula is
provided below:

Igeo = log2

(
Cn

kBn

)
(3)

where Bn is the geochemical background, which is the average Cd content of three sediment
samples from the contrast area (0.74 mg/kg), Cn is the measured content of pollutants in
sediments (mg/kg), k is a constant generally taken to be 1.5 indicating that the background
may vary due to differences in sedimentary characteristics and litho-geological features.
The geoaccumulation indexes can generally be divided into seven levels [33] to indicate the
range of pollution degrees (Table 3).

Table 3. Geoaccumulation index and pollution classification.

Pollution
Level

No
Pollution

No to Moderate
Pollution

Moderate
Pollution

Moderate to
Severe Pollution

Severe
Pollution

Severe to Extreme
Pollution

Extreme
Pollution

Index range Igeo ≤ 0 0 < Igeo ≤ 1 1 < Igeo ≤ 2 2 < Igeo ≤ 3 3 < Igeo ≤ 4 4 < Igeo ≤ 5 5 < Igeo
Level 0 1 2 3 4 5 6

The ecological risk of Cd in river sediments was evaluated using the Potential Ecologi-
cal Risk Index (PERI) method. PERI is a method developed by Swedish scholar Hakanson
in 1980 for evaluating the pollution and ecological hazards of heavy metal elements in
sediments and soils [34]. The advantage of this method is that it takes into account the
concentration effect, ecological effect, and toxicity effect of heavy metal elements, which
allows for both the calculation of an individual pollutant’s potential ecological risk index
(Ei

r), which measures the level of ecological risk caused by a single pollutant, as well as
the calculation of the comprehensive ecological impact of multiple pollutants through a
composite potential ecological risk index. In this study, we primarily used Ei

r to evaluate
the samples of riverbed sediment from the main channel of Wenyu Stream, and the formula
used in the calculation is provided below:

Ei
r = Ti

r ×
(

Ei
s

Ci
n

)
(4)

where Ei
r is the potential ecological hazard index of a Cd element, Ti

r is the toxicity response
coefficient of Cd element, Ei

s is the measured Cd content of sediment sample (mg/kg),
and Ci

n is the Cd background reference of sediment samples, in units of mg/kg. Based
on previous research [35], the toxicity response coefficient Ti

r for Cd in this study was set
to 30, while the background reference Ci

n was adopted as the average of the Cd content
in three bottom sediment samples from the contrast area, which was 0.74 mg/kg. The
relationship between the classification of single pollutant potential ecological hazard index
and ecological risk level is shown in Table 4.

Table 4. The relationship between the potential ecological hazard index of a single pollutant and the
degree of ecological risk.

Ecological Risk Degree Slight Medium Strong Very Strong Extremely Strong

Index range <40 40 ≤ Er
i < 80 80 ≤ Er

i < 160 160 ≤ Er
i < 320 320 ≤ Er

i

3. Results
3.1. The Test Quality of the Five Elements in Surface Water and Sediment Samples

In this study, three surface water samples and two sediment samples were randomly
selected for duplicate sample testing, and the test results are shown in Table 5. The relative
deviation of Cd, Pb, Cu, Cr, and Hg in surface water samples is between 0.00% and 7.69%,
meeting the requirement of less than 20% relative deviation for parallel sample testing
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specified in the Environmental Quality Standard for Surface Water (GB 3838-2002) [23]. The
relative deviation of Cd, Pb, Cu, Cr, and Hg in the sediment samples is between 2.05% and
5.43%, which also meets the requirement of parallel sample testing with a relative deviation
of less than 20% specified in the Soil Environmental Quality Risk Control Standard for Soil
Continuity of Agricultural Land (GB 15618-2018) [22].

Table 5. The test quality of the elements in surface water and sediment samples.

Elements Cd Cu Pb Cr Hg

Water
samples

15
Results (mg/L) 0.00200 0.01300 0.00100 0.00100 0.00005

Duplicate results (mg/L) 0.00190 0.00140 0.00090 0.00110 0.00005
RD (%) 2.56 3.70 5.26 4.76 0.00

20
Results (mg/L) 0.00200 0.00900 0.00100 0.00100 0.00005

Duplicate results (mg/L) 0.00210 0.01030 0.00110 0.00090 0.00005
RD (%) 2.44 6.74 4.76 5.26 0.00

T1
Results (mg/L) 0.00600 0.08700 0.00100 0.00100 0.00005

Duplicate results (mg/L) 0.00700 0.08900 0.00110 0.00105 0.00005
RD (%) 7.69 1.14 4.76 2.44 0.00

Sediment
samples

3
Results (mg/kg) 3.78000 82.70000 620.00000 93.70000 1.28000

Duplicate results (mg/kg) 3.95000 87.10000 646.00000 98.50000 1.17000
RD (%) 2.20 2.95 2.05 2.50 4.49

5
Results (mg/kg) 1.76000 50.50000 221.00000 66.70000 0.13800

Duplicate results (mg/kg) 1.89000 56.30000 236.00000 63.20000 0.13100
RD (%) 3.56 5.43 3.28 2.69 2.60

3.2. The Cd Exceedance in the Surface Water of the Wenyu Stream

The statistical results of Cd content in 35 water samples from the Wenyu Stream and
contrast area are shown in Figure 1. Figure 2a showed that the Cd contents of 14 samples
from total 23 samples in the main ditch of the Wenyu Stream were significantly higher than
those in the contrast areas which were not influenced by mining activities. Moreover, the
average Cd content in the main ditch of Wenyu Stream was twice as high as that in the
contrast area, with the highest value being 10 times higher. The results indicated that the
cumulative effect caused by Cd contamination in Wenyu Stream was significant due to
mining activities. Among the nine samples in the tributary ditches of the Wenyu Stream,
six samples did not exceed the contrast areas named T4, T5, T6, T7, T8, and T9. Samples
from T1, T2, and T3 were two, four, and six times higher in Cd content than the contrast
areas, respectively. Additionally, from a statistical perspective, the coefficient of variation
for Cd content reaches 99.44%, and the Cd content presents an uneven distribution from
upstream to downstream indicating that Cd pollution in the Wenyu Stream was significantly
influenced by mining activities (Table 6). The intensive human activities in the study area
mainly include mining, transportation, ore processing, and storage of surrounding rock
wastes and tailings.

According to the Cd limit of Class II water from the Environmental Quality Standards
for Surface Water Standard (GB3838-2002), 22 of the 23 samples in the main ditch of the
Wenyu Stream met the standards of Class I and Class II water accounting for 95.65%,
indicating the overall water quality of Wenyu Stream was clear. The Class I water samples
accounted for 52.17%, including samples 1, 2, 3, 4, 5, 6, 7, 8, 18, 21, 22, and 23 in Figure 1b.
The Class II water samples accounted for 43.48%, including samples 9, 11, 12, 13, 14, 15, 16,
17, 19, and 20 in Figure 2b. The sample of Class V water accounted for 6.25%, including
sample 10 in Figure 2b. The water quality of six water samples from the nine tributaries
of Wenyu Stream were Class I water, which were samples T4, T5, T6, T7, T8, and T9,
respectively. Sampling point T1 was Class II water and sampling points T2 and T3 were
Class V water.
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Figure 2. The evaluation maps of the surface water in Wenyu Stream. (a). The single pollution
indexes of Cd content in surface water based on comparison samples. (b). The water quality classes
divided according to the Environmental Quality Standards for Surface Water Standard (GB3838-2002).
(c). The single pollution indexes of Cd content in surface water based on Class II water limit issued by
the Environmental Quality Standards for Surface Water Standard (GB3838-2002). (d). The Nemerow
pollution indexes of Cd, Pb, Cu, Cr, and Hg contents in surface water based on Class II water limit
issued by the Environmental Quality Standards for Surface Water Standard (GB3838-2002). (e). The
water pH of the surface water samples.
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Table 6. Statistical characteristics of Cd, Pb, Cu, Cr, and Hg content in surface water of the
Wenyu Stream.

Elements Mode
(mg/L)

Mean
(mg/L)

Median
(mg/L) Range (mg/L) Range/Mode Range/Average

Standard
Deviation

(mg/L)

Coefficient
of Variation

(%)

Limits
(mg/kg)

[23]

Average
Single

Pollution
Index

Cd 0.001 0.001 0.001 0.001–0.01 9.000 4.299 0.002 99.440 0.005 0.960
Pb 0.001 0.001 0.001 0.001–0.001 0.000 0.000 0.000 0.000 0.010 0.000
Cu 0.001 0.021 0.008 0.001–0.280 86.000 4.151 0.019 93.800 1.000 −0.984
Cr 0.001 0.001 0.001 0.001–0.001 0.000 0.000 0.000 0.000 0.050 −0.980
Hg 0.00005 0.00005 0.00005 0.00005–0.00005 0.000 0.000 0.000 0.000 0.00005 0.000

As shown in Figure 2c, the Cd single pollution index of sample 10 in the main ditch
of the Wenyu Stream was 1, attributed to mild pollution, and the other 22 samples were
not beyond the limit. Among the nine water samples in the tributary ditches of Wenyu
Stream, seven samples from T1, T4, T5, T6, T7, T8, and T9 were unpolluted by Cd content.
Samples T2 and T3 were attributed to mild pollution. The Nemerow pollution indexes of
the surface water samples shown in Figure 2d were all below 1. Concerning the position of
the over-limit sample 10 in Figure 2b,e, this point was located near the mineral processing
production area, approximately 2.0 km away from the mining area. Additionally, a large
tailing pond is located on the west bank, about 1 km upstream. The T2 sample at this
location was Class V water. Therefore, the abnormal Cd content of sample 10 may be
related to the drainage water from the tailings pond.

3.3. The Cd Accumulation Degree of Stream Sediment

From the statistical results of Cd contents in sediment samples (Table 7), the range of
Cd contents was 7.06, with significant variations, and the coefficient of variation was 43.93%.
Moreover, the Cd concentration in each sample from upstream to downstream exhibits
an asymmetrical distribution, indicating a significant disturbance by human activities.
The results of the geoaccumulation index analysis showed that all 15 sediment samples
from the main ditch of Wenyu Stream exhibit varying degrees of pollution, with point
numbers 15 and 16 having the highest levels of pollution, reaching moderate to severe
levels (Figure 3a). The least pollution level included point numbers 5, 13, and 22, ranging
from not polluted to moderate pollution. Most points fall within moderate levels of
pollution. The T2 and T5 sediment samples in two tributary ditches of Wenyu Stream
also reached moderate levels of pollution (Figure 3c). The Cd content in sediment from
the entire watershed, both individually and averagely, was significantly higher than that
in the contrast area. This reflects the impact of external heavy metal element inputs on
Wenyu Stream, leading to the accumulation and enrichment effects of Cd in the river water.
As shown in Figure 3b, only tree Nemerow pollution indexes of the sediment samples
were between 1 and 2, indicating light pollution. Previous studies analyzed and evaluated
the heavy metal pollution of sediments in the middle and upper reaches of the Beijiang
River in northern Guangdong Province by testing eight elements of Cu, Pb, Zn, Cd, Ni,
Cr, As, and Hg using the geoaccumulation index. The results showed that the pollution
of toxic elements in the main stream of the Beijiang River was more serious than that in
the tributaries due to long-term accumulation, and the main sources of pollution were the
existence of multiple mining and smelting enterprises near the river [36]. In addition, the
contents of toxic elements in tailings and river sediments downstream of six tailings ponds
in southern China were compared and analyzed. The study found that the contents of
Cu, Pb, Zn, Cd, Ni, Cr, As, Hg, and Sb in river sediments downstream of some tailings
ponds were higher than those in tailings, indicating that the accumulation effect of elements
could cause the content of toxic elements in sediments to be higher than that in pollution
sources [37]. These results demonstrate that mining activities are significant contributors to
the accumulation and exceedance of heavy metals in river sediments near mining areas,
and studying sediment pollution and enrichment characteristics is crucial for reflecting
river water pollution conditions.
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Table 7. Statistical characteristics of Cd, Pb, Cu, Cr, and Hg content in sediment samples from the
Wenyu Stream.

Elements Mean
(mg/kg)

Median
(mg/kg) Range (mg/kg) Range/Average Standard

Deviation
Coefficient of
Variation(%)

Limits [22]
(mg/kg)

Average Single
Pollution Index

Cd 3.71 3.41 1.760–7.660 1.90 1.63 43.930 4.000 1.559
Pb 178.100 138.000 23.100–564.000 3.037 141.579 79.494 1000.000 −0.771
Cu 57.988 49.200 16.600–151.000 2.318 36.226 62.471 200.000 −0.673
Cr 63.759 64.600 29.600–98.400 1.097 19.464 30.528 1300.000 −0.949
Hg 0.144 0.094 0.023–0.776 5.211 0.119 82.563 6.000 −0.955
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Figure 3. The evaluation maps of the sediment in the Wenyu Stream. (a). The single pollution indexes
of Cd content in sediment based on comparison samples. (b). The Nemerow pollution indexes of
Cd, Pb, Cu, Cr, and Hg contents in sediment based on the Soil Environmental Quality–Risk Control
Standard for Soil Contamination of Agricultural Land (GB 15618-2018). (c). The geoaccumulation
indexes of Cd content in sediment.).
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3.4. Potential Ecological Risk of Cd Content in Sediment

According to the results of the potential ecological risk index, the potential ecological
risk index (Ei

r) for Cd in each sample were obtained. As shown in Figure 4, the Ei
r values

for Cd in 15 sediment samples in the main ditch of the Wenyu Stream range from moderate
to very high-risk levels, indicating that the overall level of sediment pollution in the
main ditch of the Wenyu Stream reached a high level of ecological risk. According to the
classification principle in Table 4, samples with strong ecological risk levels accounted for
40.00%, strong ecological risk levels accounted for 46.67%, and samples with moderate
ecological risk levels accounted for 13.33%. The Cd potential risks in T2 and T5 samples
from two tributaries of the Wenyu Stream were strong and very strong. Therefore, it can
be inferred that the contamination of Cd in sediment in the Wenyu Stream has seriously
threatened the ecological security of the study area. On the one hand, the accumulation
effect caused by mining activities was significant because the content of Cd in the sediment
of the Wenyu Stream was high and significantly higher than the contrast area. On the
other hand, it is also closely related to the high toxicity response coefficient of Cd element.
Several common Cd-containing compounds in nature, such as CdS and CdO, have certain
toxicity and are one of the main elements harmful to human health [38,39]. The results of
this study are consistent with previous soil heavy metal pollution survey results conducted
in the Lalin River Basin in northeastern China [40].
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It is worth noting that the average value of the sediment in the contrast area was
selected as the background reference (Ci

n) in the evaluation of the potential ecological
risk index of Cd in this study. This indicator implicitly ignored the influence of natural
geological background factors on sediment Cd content in the study area and only consid-
ered the impact of mining activities, which conformed to the overall exploration ideas of
this article. If both effects need to be considered simultaneously, the element indicator for
background reference Ci

n could be selected as the highest value of heavy metal elements
in sediment before global industrialization [41–43]. Furthermore, if it is determined that
riverbed sediment mainly comes from upstream and soil erosion on both sides of the river,
then the background value of heavy metal elements in soils in the province where the
research area is located can be used [44,45]. Different backgrounds have a significant impact
on calculating potential ecological hazard indices. Using the background value of heavy
metal elements in the research area as a reference value can better reflect the degree of
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pollution caused by human activities [46,47], which is the basis for selecting the nearby
control area sediment average as the background reference value for Ci

n in this study.

3.5. The Cd Content of Surrounding Rock

As shown in Table 8, the average Cd content in five rock samples collected from the
surrounding area of the large open-pit molybdenum mine is 4.10 times the Cd background
in Shaanxi Province and 4.90 times the Cd background in the Guanzhong Basin, indicating a
high natural geological background for Cd within a certain range of the molybdenum mine
upstream of the Wenyu Stream. Previous studies on the geochemical region of southern
Shaanxi Province have also shown that chalcophile elements, tungsten-molybdenum group
elements, such as Mo, Cr, V, Cu, Zn, Cd, and Ti, usually occur in high concentrations and
have enriched features. In particular, Cd is highly concentrated in some areas, with local
concentrations even exceeding five times the background average, forming an excess of
microelements [47], which is similar to the findings of this study.

Table 8. The Cd contents in surrounding rock samples and soil Cd background in Shaanxi Province
and the Guanzhong Basin.

ID Cd Content
(mg/kg) Mean (mg/kg) The Cd Background of Shaanxi

Province (mg/kg) [47]
The Cd Background of Soils of
Guanzhong Basin (mg/kg) [48]

R1 0.20

0.58 0.14 0.118
R2 0.24
R3 0.36
R4 0.11
R5 2.00

4. Discussion

This study evaluated the surface water and sediment Cd content in the Wenyu Stream,
which is downstream of a large molybdenum mine in the Qinling Mountains. After deter-
mining the main pollution problems, the potential sources of pollution were investigated
and analyzed. The results can provide targeted countermeasures for subsequent treatment
and restoration. Currently, two levels of source apportionment were discussed in previous
studies: The first level involves qualitative identification of the main sources of pollutants
in environmental media, known as source identification. The second level involves quan-
titative calculation of the contribution of various sources of pollution, known as source
apportionment [49]. Many researchers referred to both levels as source apportionment [50].
This study focused on source identification for pollution in the Wenyu Stream to provide
technical references for pollution control at the source of the mining area.

4.1. Acid Mine Drainage Source of Cadmium in the Wenyu Stream

As shown in Figure 2, both T2 and T3 samples located in the drainage ditches of
the tailings pond leachate discharge canal and the mineral processing drainage canal,
respectively, have Cd content exceeding Class II water limit and reaching Class V water.
Sample 10, located between them, was the most heavily polluted point in the main ditch
of the Wenyu Stream. In addition, pH testing results of water samples show that the pH
values of T2 and T3 points are 6.00 and 6.13, respectively. This indicates that both the
tailings pond upstream of T2 and the mineral processing plant upstream of T3 discharge
Cd-contaminated acid drainage water into the main ditch of the Wenyu Stream. According
to previous studies, acid mine drainage mainly forms in three ways [51]: 1© In the process
of ore processing, if acid reagent is used for mineral processing, the wastewater discharged
is acid water, 2© During mine production, a large number of waste rocks and tailings
containing sulfide minerals are stacked in the open air, which are easily oxidized to form
metal ions and sulfate ions. In rainy weather, they will be dissolved in water and slowly
enriched to form acidic wastewater through leaching, 3© During the mining of the deposit,
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a large amount of groundwater seeps into the working face, which is in long-term contact
with rocks and minerals containing sulfur and heavy metals, and partially dissolves to
form acid mine water. Obviously, the acidic wastewater at T2 and T3 points in this study
conforms to the first two production methods mentioned above. Combined with previous
research results, the unprocessed metallurgical wastewater of Dabaoshan multimetal mine
in northern Guangdong Province was directly discharged into Hengshi River, causing
serious harm to the environment along the the Hengshi River Basin [52]. The acid and
polluted wastewater discharged by Dexing Copper Mine in Jiangxi Province contaminated
the Le’an River and caused harm to animals, plants, and farmland along the riverbanks [53].
The results of previous research have shown that acidic wastewater generated by mining
activities and its illegal discharge are another important cause of Cd pollution in the Wenyu
Stream [54].

4.2. The Surrounding Rock Source of Cd in the Wenyu Stream

According to the test results of rock samples, the Cd content distribution is extremely
uneven, with the highest value exceeding 18 times the lowest value. The rock sample
with the highest Cd content is a pit surrounding rock rich in pyrite. In addition, Cd is
often distributed in sulfide ores, such as sphalerite and others associated with large-scale
molybdenum mines [55]. This phenomenon is related to the properties of Cd’s copper
affinity and sulfur affinity as well as its similar geochemical behavior to Zn [56,57]. As
a trace heavy metal element in rocks, the average abundance of Cd is 0.2 mg/kg in the
crust [42]. Under strong oxidizing conditions, Cd can form oxide minerals, such as CdO
and CdCO3, and can also be oxidized into CdSO4 in aqueous solutions [42]. In weak
oxidizing environments, the mineral sphalerite containing Cd can be rapidly oxidized
and dissolved, producing cadmium sulfide (CdS) [58]. The large-scale molybdenum mine
upstream of the Wenyu Stream has been operating for over 50 years. Long-term mining,
mineral processing, transportation, and other mining activities have changed the original
occurrence environment of Cd, which is released from minerals and rocks, migrated
and transformed in the supergene geological environment, and finally accumulated and
enriched, causing river pollution.

4.3. Sediment Sources of Cd in the Wenyu Stream

River pollution caused by heavy metal adsorption and release in sediment-water
systems is one of the hot issues in research. Most of the heavy metal pollutants will be
adsorbed by suspended particles after entering the river watershed, and the suspended
particles will be accelerated to sink by gravity in the water body, when particles accelerate
to sink to a state where gravity and resistance are equal, they will sink at a stable settling
speed [59]. Generally, the flow of river water body is relatively stable, that is, the handling
effect of hydrodynamic force is gentle. However, the Wenyu Stream is formed by the
convergence of mountain streams, and the frequent agitation of the river makes the load of
sediment particles exceed its carrying capacity. At the same time, sediment particles are
prone to generate intermolecular forces with heavy metal pollutant molecules [60–62]. For
example, cadmium ions will generate electrostatic adsorption with coarse and fine sediment
particles, which will combine through chemical bonds and accelerate the settlement of
pollutants [63–65]. The flow velocity at the bottom of the river water body is slow, and the
sediment at the bottom is less affected by hydraulic transport. Less heavy metal pollutants
in the sediment re-enter the water body due to river impact and transport. Therefore,
the existing form of heavy metal pollutants after sedimentation is greatly affected by the
water environment.

The pH is the main factor affecting the adsorption and desorption of heavy metals in
the water environment. H+ ions will desorb metal ions from the sediment and re-enter the
water environment through ion competition [65]. Previous studies on the release kinetics
of heavy metals in Guangzhou urban water polluted sediments under acidic conditions
can be divided into two stages. The first stage is the rapid desorption of heavy metals on
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the sediment surface after the deposition of particulate suspended solids, and the second
stage is the slow diffusion of heavy metals from the internal pores of the sediment to the
external solution [42]. The first stage is the release process after sedimentation of sediment
particles mentioned above. In the second stage, there is a concentration difference between
the surface interstitial water of sediment and the overlying water (river water) [59]. As the
free water in the sediment void, interstitial water connects the sediment with the overlying
water. Through ion exchange, molecular diffusion, and biological disturbance, interstitial
water diffuses and migrates to the river with interstitial water as the intermediate medium,
thus affecting the water quality of the river. A total of eight toxic elements, including Cu,
Pb, Zn, Cd, Ni, Cr, as and Hg, have been tested and analyzed in 25 sediment samples from
the main stream of the Zhongbei River and its tributaries in the northern mountainous area
of Guangdong Province. They used the geoaccumulation index method to analyze and
evaluate the heavy metal pollution in the sediment of the area. The study found that the
concentration of heavy metals in the main stream was more serious than that in the branch
ditch due to the large amount of pollutants in the main stream. The pollution of this degree
was due to the existence of multiple mining yards and smelters in the area. Other scholars’
research found that the content of heavy metals in river sediments downstream of tailings
pond is higher than that in tailings, indicating that the cumulative effect of heavy metals [41]
will lead to the content of heavy metals in sediments higher than that in pollution sources.
In the study on the release law of elements in the river sediment of Harbin reach of the
Songhua River in Northeast China, it was found that different temperatures, pH values,
water disturbance levels, and salt concentrations will have different degrees of influence on
the release of heavy metals [43].

After the development of molybdenum ore in the study area, Cd, Zn, and other heavy
metal ions were released after entering the downstream Wenyu Stream watershed. Compar-
ing the times of exceeding the background value of Cd content in river water in Figure 2a
with the times of exceeding the background value of Cd content in sediment in Figure 3a,
it was found that the times of exceeding the standard of Cd content in river sediment
samples are 4.18 times that of the Wenyu Stream water samples. Meanwhile, comparing the
Nemerow indexes between the surface water in Figure 2d and the sediment in Figure 3b,
the Nemerow indexes of pollutants in sediment were larger, indicating the sediment was in
the stage of pollutant enrichment. The Nemerow index of pollutants in sediment is larger,
indicating that the sediment is in the stage of pollutant enrichment. After the release of
heavy metal ions through different ways in the development into the river, on the one hand,
with the continuous migration, transformation, and accumulation of river water flow from
the downstream of tailings pond to the upstream of the river, the pH, and water quality
structure of the water body are gradually changed, and the function of the river water body
is reduced. On the other hand, when it infiltrates into the groundwater, the suspended
solids become sediments and are transferred to the river sediment, which changes the water
quality to a certain extent. Exchangeable heavy metal ions may also be released into the
river water and have an impact again. Previous studies on the treatment of river sediment
pollution in Guangdong Province have shown that the treatment of heavy metal elements
in river sediment can be carried out by physical remediation methods with the help of
engineering technology, such as artificial dredging, chemical remediation methods with
chemical remediation agents applied to the sediment, or biological remediation methods
with the use of surrounding microorganisms and plant communities [44]. In order to deal
with the relationship between China’s rapid economic development and environmental
and ecological protection in mining areas, relevant functional staff must pay more attention
to the treatment of river sediment pollution, understand the types of heavy metal pollutants
in sediment and treatment methods, so as to effectively control and repair the ecological
health of rivers.
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4.4. The Atmospheric Dust Fall Sources of Cd in the Wenyu Stream

In addition, the effects of atmospheric dry and wet deposition on the input of Cd
elements into rivers also occupy a significant proportion. On the one hand, mining activities
in densely populated areas generate a large amount of dust through heavy machinery
operation. On the other hand, the surface rocks and minerals exposed to air undergo
geological weathering processes that produce dust particles containing heavy metal ions
and sulfate ions. These particles are eventually transported directly into rivers via wind or
leached into surface runoff during rainfall, ultimately entering rivers. Predecessors have
observed atmospheric dust fall in another mining area 20 km east of the study area and
found that the cumulative multiple of the atmospheric dust content in the mining area
relative to the background value of soil Cd in the area has reached 1.67, which indicates
that the dust from mining activities is also a way of causing heavy metal pollution in
the mining area [66–68]. Based on Figure 2, it can be inferred that water samples 8, 9,
10, and 11, within a 1–5 km radius of the upper reaches of the Wenyu Stream, where
open-pit mines and dumpsites are prone to generating high levels of dust, may have Cd
concentrations exceeding background values by factors of 0, 3, 9, and 2, respectively, while
downstream sites have the highest concentration ratios exceeding background values by
up to 1. According to relevant studies, the enrichment of Cr, Co, Mn, Ni, As, Cd, Cu,
Pb, Zn, Tl, and rare earth elements in sediments of Beijing’s Beiyun River is similar to
that of metal elements in atmospheric particulate matter. It can be inferred that heavy
metal elements in atmospheric particulate matter have a significant contribution rate to
heavy metal elements in the sediments of the Beiyun River, mainly through rainfall into
rivers [69], which is similar to the viewpoint presented in this study. Another study has
found that the spatial distribution of air dust pollution is consistent with the distribution of
pollution sources [70]. Meanwhile, three aspects of atmospheric dry-and-wet deposition,
human activities, and parent rock weathering in the Gongnaisi River Basin in Xinjiang
Uygur Autonomous Region have impacts on the enrichment of heavy metal elements
in the river [71,72]. These studies indicate that the effects of atmospheric dry and wet
deposition generated by mining activities may be another important cause of riverine Cd
contamination. In future research, we will carry out atmospheric dust fall observation
in the mining area to provide data support for the comprehensive discussion of mine
environmental problems in the study area.

5. Conclusions

In conclusion, this study aimed to explore the effects of mineral exploitation on river
water quality in the Wenyu Stream downstream of a large molybdenum mining area in
Qinling Mountains. The results showed that Cd pollution was a significant problem in the
Wenyu Stream due to mining activities.

The analysis of surface water, sediment, rock, and ore samples by ground sampling
and chemical testing revealed that 14 out of 23 sampling points had significantly higher Cd
contents than those in the contrast area, which was not affected by mining activities. The
variation coefficient of Cd content reached 99.44%, indicating that the Cd contents in the
Wenyu Stream are highly variable and significantly influenced by mining activities. Only
one point exceeded the Class II water quality limit, and the pollution exceeding multiple
was 1 with slight pollution. The results of geoaccumulation index analysis showed that
the 15 sediment samples from the main ditch of the Wenyu Stream had different degrees
of pollution: The most seriously polluted samples 15 and 16 reached the moderate to
strong pollution level. Samples 5, 13, and 22 with the lightest pollution were no pollution
to moderate pollution. Most of the samples were moderately polluted. The potential
ecological risk indexes of Cd in 15 sediment samples from the main ditch of the Wenyu
Stream were in the range of medium risk to very strong risk, indicating the sediment in the
main ditch of the Wenyu Stream is suffering strong ecological risk.

Acid mine drainage, original geological background, sediment release, and atmo-
spheric dust fall were identified as the primary sources of Cd pollution in the Wenyu
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Stream watershed. Acid mine drainage is a common form of pollution caused by mining
activities, which can lead to the release of heavy metals into rivers and streams. Original
geological background also plays a crucial role in determining the levels of heavy metal
concentrations in soils and water bodies. Sediment release is another important source
of heavy metal pollution, as it can transport pollutants from mines to nearby waterways.
Finally, atmospheric dust fall can also contribute to heavy metal pollution through its
interaction with rain and wind.

To address these issues, it is essential to implement effective monitoring and man-
agement strategies for heavy metal pollution in rivers and streams caused by mineral
exploitation. This includes reducing emissions from mines, improving waste disposal
practices, and promoting sustainable development in mining areas. For example, mining
companies could adopt more environmentally friendly technologies, such as hydromet-
allurgy and leaching techniques, to reduce their environmental impact. Additionally,
governments could impose stricter regulations and penalties on polluting industries to
encourage them to adopt cleaner production methods.

Furthermore, public education and awareness-raising campaigns are crucial for pro-
moting sustainable development in mining areas. By educating local communities about
the impacts of heavy metal pollution on aquatic ecosystems and human health, we can
encourage people to take action to protect their environment. This could include supporting
initiatives, such as rainwater harvesting and wastewater treatment plants, to reduce the
amount of pollutants released into rivers and streams.

In conclusion, this study highlights the importance of protecting wetlands and riparian
areas from heavy metal pollution caused by mineral exploitation. By understanding the
sources and effects of pollution, we can develop effective strategies to mitigate its impact
on aquatic ecosystems and promote sustainable development in mining areas. It is essential
that we work together to find solutions to this pressing environmental issue before it is
too late.
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33. Mù̈ller, G. Schwermetalle in den sedimenten des Rheins-Vernderungen seit 1971. Umschav 1979, 79, 778–783. 

34. Hakanson, L. An ecological risk index aquatic pollutioncontrol: A sedimentological approach. Water Res. 1980, 14, 975–1001. 

35. Xu, Z.; Ni, S.; Tuo, X.; Zhang, C. Calculation of Heavy Metals’ Toxicity Coefficient in theEvaluation of Potential Ecological Risk 

Index. Environ. Sci. Technol. 2008, 31, 112–115. 

36. Xu, Z.; Yang, X.; Wen, Y.; Chen, G.; Fang, J. Evaluation of the Heavy Metals Contamination and Its Potential Ecological Risk of 

the Sediments in Beijiang River’s Upper and Middle Reaches. Environ. Sci. 2009, 30, 3262–3268. 

37. Gao, Y.; Xu, Y.; Zhang, J. Evaluation of Cd pollution of a molybdenum ore area in Dongchuan River basin of the Qinling Moun-

tain. Geol. Bull. China 2018, 37, 2241–2250. 

38. Abbasi, S.; Keshavarzi, B.; Moore, F.; Shojaei, N.; Sorooshian, A.; Soltani, N.; Delshab, H. Geochemistry and environmental 

effects of potentially toxic elements, polycyclic aromatic hydrocarbons and microplastics in coastal sediments of the Persian 

Gulf. Environ. Earth Sci. 2019, 78, 492. 

39. Zhang, X.; Xin, C.; Li, C. Geochemical Characteristics of Heavy Metal’s Contamination and Its Surface Geochemical Mechanism 

in Baiyin City,Gansu Province. Geol. Sci. Technol. Inf. 2010, 29, 124–131. 

40. Li, J.; Chen, H.; Teng, Y.; Dong, J. Contamination characteristics and source apportionment of soil heavy metals in Lalin River 

basin. Trans. Chin. Soc. Agric. Eng. 2016, 32, 226–233. 

41. Qiao, S.; Jiang, J.; Xiang, W.; Tang, J. Distribution of heavy metals in sediments in lakes in Wuhan with assessment on their 

potential ecological risk. Resour. Environ. Yang4e Basin 2005, 3, 353–357. 

42. Deng, H.; Li, L.; Kim, J.; Ling, F.; Beckingham, L.E.; Wammer, K.H. Bridging environmental geochemistry and hydrology. J. 

Hydrol. 2022, 613, 128448. 

43. Gong, X.; Chen, C.; Zhou, W.; Jian, M.; Zhang, Z. Assessment on Heavy Metal Pollution in the Sediment of Poyang Lake. Environ. 

Sci. 2006, 27, 732–736. 

44. Bai, W.; Quan, X.; Tan, H.; Zhao, Q.; Zhao, G.; Zhu, Q. Pollution of heavy metals in sediments from Changshou lake in Chong-

qing and Its potential ecological risk assessment. Earth Environ. 2011, 39, 382–387. 

45. Zhu, W.; Huang, T.; Chai, B.; Zhang, Y.; Lu, J. The impact of the redox conditions on the speciation of the heavy metals in the 

sediment of the Fenhe reservoir and their assessments of the potential ecological risk. J. Arid Land Resour. Environ. 2009, 23, 34–40. 

46. Wang, L.; Zhou, X.; Zheng, B.; Fu, Q. Sediments eco-environmental quality assessment in the Changjiang Estuary and its adja-

cent waters. Acta Ecol. Sin. 2008, 28, 2191–2198. 

47. Jia, Z.; Liang, T.; Lin, J. Study on heavy metal contamination and potential ecological risk in Hong Kong Rivers. Acta Sci. Nat. 

Univ. Pekin. 1997, 33, 485–492. 

48. Pan, A.; He, Y.; Ma, R. Zoning of environmental geochemistry in Shaanxi Province. Adv. Earth Sci. 2004, 19, 439–443. 

49. Xiao, R.; Wang, S.; Li, R.; Wang, J.; Zhang, Z. Soil heavy metal contamination and health risks associated with artisanal gold 

mining in Tongguan, Shaanxi, China. Ecotoxicol. Environ. Saf. 2017, 141, 17–24. 

50. Simeonov, V.; Einax, J.; Tsakovski, S.; Kraft, J. Multivariate statistical assessment of polluted soils. Cent. Eur. J. Chem. 2005, 3, 1–9. 

51. Zhang, C.; Luo, Y.; Wu, L. Methods for source apportionment of soil pollutants and their advances in application to aoil envi-

ronmental research. Soils 2007, 39, 190–195. 

52. Rezaie, B.; Anderson, A. Sustainable resolutions for environmental threat of the acid mine drainage. Sci. Total Environ. 2020, 

717, 137211. 

53. Qin, J.; Jiang, X.; Yan, Z.; Zhao, H.; Zhao, P.; Yao, Y.; Chen, X. Heavy metal content and microbial characteristics of soil plant 

system in Dabaoshan mining area, Guangdong Province. PLoS ONE 2023, 18, e0285425. 

54. Yuan, J.; Ding, Z.; Bi, Y.; Li, J.; Wen, S.; Bai, S. Resource Utilization of Acid Mine Drainage (AMD): A Review. Water 2022, 14, 

2385. 

55. Ighalo, J.O.; Kurniawan, S. B.; Iwuozor, K. O.; Aniagor, C.; Ajala, O. J.; Oba, S.; Iwuchukwu, U. F.; Ahmadi, S.; Igwegbe, C. A. 

A review of treatment technologies for the mitigation of the toxic environmental effects of acid mine drainage (AMD). Process 

Saf. Environ. Prot. 2022, 157, 37–58. 

56. Xu, L.; Bi, X.; Zhang, X.; Huang, M.; Liu, G. Mantle contribution to the generation of the giant Jinduicheng porphyry Mo deposit, 

Central China: New insights from combined in-situ element and isotope compositions of zircon and apatite. Chem. Geol. 2023, 

616, 121238. 

ller, G. Index of geoaccumulation in sediments of the Rhine River. Geojournal 1969, 2, 108–118.
32. Farkas, A.; Erratico, C.; Viganò, L. Assessment of the environmental significance of heavy metal pollution in surficial sediments

of the River Po. Chemosphere 2007, 68, 761–768. [CrossRef]

33. M

Water 2023, 15, x FOR PEER REVIEW 20 of 21 
 

 

26. DD2005-03; Technical Code for China Geological Survey-Technical Requirements for Analysis of Ecological Geochemical Eval-

uation Samples (DD2005-03). China Geological Survey: Beijing, China, 2005. 

27. Luonan County Strengthens Pollution Control and Helps Rural Revitalization. Available online: h�ps://www.lu-

onan.gov.cn/xwzx/zxbd/112508.htm (accessed on 07 December 2021). 

28. NY/T 395-2012; Technical Rules for Monitoring of Environmental Quality of Farmland Soil. China Agriculture Press Co., Ltd.: 

Beijing, China, 2012. 

29. Niu, H.; Wu, Q.; Chen, X. Distribution characteristics and correlations of heavy metals in the surface sediments in Guangzhou 

section of the Pearl River. Ecol. Environ. 2006, 15, 954–959. 

30. Li, L.; Zeng, X.; Li, G.; Mei, X. Heavy metal pollution of Wenyu River sediment and its risk assessment. Acta Sci. Circumstantiate 

2007, 27, 289–297. 
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Abstract: Hexachlorobenzene (HCB) is one of the most persistent environmental pollutants of global
concern. Ni/Fe nanoparticles, with their small particle size, large surface area, and high reactivity, are
a promising candidate for HCB degradation. In this work, we investigated the kinetics and products
of the dechlorination of HCB by Ni/Fe nanoparticles and how the presence of heavy metal ions Cd(II)
and Zn(II) influences the reaction. It is found that 400 µg/L HCB can be rapidly removed by 7.5 g/L
Ni/Fe nanoparticles and the removal percentage reaches 99% in 48 h. The removal is facilitated by
adsorption and sequential dechlorination of HCB, producing PCB, 1,2,3,4-TeCB, and 1,2,3-TCB as the
main products, with 1,2,3,5/1,2,4,5-TeCB, 1,2,4-TCB, and 1,2-DCB as the minor products. The addition
of heavy metal ions Cd(II) and Zn(II) does not significantly affect the removal rate of HCB but hinders
the adsorption and degradation of the byproducts through competitive adsorption. Additionally,
the concentration of both Cd(II) and Zn(II) decreases rapidly and achieves over 98% removal in 4 h.
Our study reveals that Ni/Fe nanoparticles can remove HCB and heavy metals Cd(II) and Zn(II)
concurrently, with the extent of HCB dechlorination reduced compared to that without heavy metal.
These findings may inform the application of Ni/Fe nanoparticles in the treatment of water bodies
and soil contaminated by both halogenated aromatics and heavy metal.

Keywords: nanoparticle; Ni/Fe; hexachlorobenzene; dechlorination; heavy metal

1. Introduction

Hexachlorobenzene (HCB), a typical chlorinated aromatic compound and an impor-
tant chemical intermediate, had been widely used in fungicides, military pyrotechnic
smokes, and synthetic rubber peptizing agents in the past [1,2]. It is a persistent, bioaccu-
mulative, and toxic compound that may damage human organs and cause a lot of diseases
including dermatitis, severe numbness in the cardiovascular and nervous systems, and car-
cinogenesis [3–6]. Although most countries have banned the production and usage of HCB
since the beginning of the 21st century, HCB is still prevalent in the environment due to its
extensive historical use, ongoing unintentional emission, and long half-life. The current
global burden of HCB on the environment was estimated to be 10,000–26,000 tons [4]. It
has been detected in most parts of the ecosystem, including water, soil, air, animals, plants,
and even anthropologically in human milk [7]. Thus, appropriate remediation technologies
are in urgent need for HCB-contaminated water and soil.

In recent years, zero-valent Fe nanoparticles have drawn much attention as a promis-
ing reagent for the chemical degradation of chlorinated pollutants, because of their ease
of synthesis, large surface area, and effectiveness in the treatment of a variety of organic
pollutants and heavy metals [8]. Nevertheless, several drawbacks of the material have
significantly limited its application. Firstly, Fe nanoparticles oxidize easily upon contact
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with air or in aqueous solution, forming a layer of iron oxide or hydroxide on the surface
of the nanoparticles, significantly reducing their reactivity. Additionally, the reduction of
1,2,4,5-tetrachlorobenzene by Fe nanoparticles was shown to be slow and incomplete, with
a half-life of 36 h and detection of only a small subset of the theoretical byproducts [9].
To counter these problems, an effective method is to deposit a second, less reactive metal
on the surface of iron to form bimetallic nanoparticles. The second metal acts as a cata-
lyst to enhance the electron-donating ability of Fe as well as protects the surface of the
nanoparticles from being oxidized. Many metals have been shown to effectively catalyze
dechlorination reactions when coupled with iron, such as Pt, Cu, Pd, and Ag [10–14].
However, only Pd/Fe and Cu/Fe nanoparticles have been applied to the treatment of
HCB [10,14]. Nickel is the ninth most produced metal in the world and a typical hy-
drogenolysis catalyst with the ability to catalyze the hydrodechlorination of a variety of
chloroaromatics such as 2,4-dichlorophenol, triclosan, and Aroclor 1242 [15–18]. Therefore,
Ni/Fe nanoparticles hold great promise to serve as a commercially viable and effective
reagent for HCB dechlorination.

Contaminated water bodies and soil usually contain a mixture of organic and metallic
pollutants [19]. Examples are farmlands in post-mining areas and leachate from landfills,
where the main heavy metal pollutants identified are Cd, Ni, Cu, As, Hg, Pb, and Zn [20].
Thus, it is necessary to consider the influence of co-existing heavy metal ions when de-
veloping remediation technologies for HCB. Most optimally, the heavy metal ions may
be removed concurrently with the organic pollutants. Although there are a few studies
on the effects of various ions on the degradation of chlorinated compounds by metallic
nanoparticles, the influence of most heavy metal ions on the dechlorination of HCB is not
well understood [16,21].

In this study, we synthesize Ni/Fe nanoparticles via chemical deposition and de-
termine their surface characteristics with BET, TEM, and SEM. We then investigate the
reaction kinetics and mechanism of HCB dechlorination by Ni/Fe nanoparticles and study
the influence of heavy metals Cd(II) and Zn(II) on the removal and degradation of HCB.
The change in heavy metal concentration is also monitored to determine whether they can
be simultaneously removed by the nanoparticles.

2. Materials and Experiments
2.1. Chemicals

The standard materials of chlorinated benzenes were purchased from CNW Tech-
nologies GmbH (Dusseldorf, Germany). Deoxygenated–deionized water was used for
solution preparation. Other reagents were from commercial companies of China, including
FeCl3, NaBH4, Cd (NO3)2, ZnSO4, NaOH (analytical pure), thick HCl (superior pure),
hexane (chromatographically pure), and anhydrous ethanol (chromatographically pure).
All reagents were above analytical grade.

2.2. Equipment

The instruments used in this work include the following: (1) H-8100 transmission
electron microscope (Hitachi, Tokyo, Japan), (2) Quanta FEG 450 thermal field emission
environmental scanning electron microscope (FEI, Hillsboro, OR, USA), (3) Autosorb-1-
type ratio surface and porosity analyzer (Quantachrome Instruments, Boynton Beach, FL,
USA), (4) SHA-B-type water bath oscillator (Ronghua Instrument, Jintan, Jiangsu, China),
(5) DHG-9070A-type drying box (Shanghai Yiheng Technology Co., Ltd., Shanghai, China),
(6) C-MAG HS4S25 magnetic stirrer (IKA, Staufen, Germany) and (7) AP-9908S vacuum
pump (Tianjin Altsnes Instrument Co., Ltd., Tianjin, China).

Gas chromatography was conducted on a GC 2010 gas chromatograph (Shimadzu, Ky-
oto, Japan) equipped with a DB-5 capillary column from Agilent Technologies, Santa Clara,
CA, USA (30 m × 0.25 mm × 0.25 µm film thickness, (5%-phenyl)-methylpolysiloxane
non-polar column). High-purity helium (purity 99.999%) was used in the analysis with
a flow rate of 1 mL/min. The injector temperatures were set at 250 ◦C. The GC oven
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temperature was programmed as follows: the temperature was held at 60 ◦C for 1 min,
then increased at 5 ◦C/min to 200 ◦C, which was held for 3 min; it was then increased at
30 ◦C/min to 250 ◦C and held for 2 min. The detector temperature was 300 ◦C.

2.3. Experiment Design
2.3.1. Synthesis and Characterization of Ni/Fe Nanoparticles

All glassware was soaked with 1:1 HNO3 for 48 h, rinsed with tap water and deionized
water, and air-dried. In a nitrogen flow, 1.6 mol/L NaBH4 aqueous solution was slowly
added into an equal volume of 1.0 mol/L FeCl3·6H2O (containing V/V = 30% anhydrous
ethanol) solution. After all NaBH4 was added, the reaction was stirred for 5 min to afford
iron nanoparticles via the following reaction:

4Fe3+ + 3BH4
− + 9H2O→ 4Fe↓ + 3H2BO3

− + 12H+ + 6H2 (1)

The generated black solid particles were transferred to a sand core funnel with a built-
in 0.2 µm filter membrane and were filtered and washed with deoxygenated deionized
water and then with anhydrous ethanol 2-to-3 times. The black particles were then quickly
transferred to the reaction bottle and dried at 50 ◦C overnight. After cooling, the bottle was
sealed carefully to protect the nano-Fe particles from exposure to air.

Nanoscale Ni/Fe particles were prepared by the deposition of NiCl2 ethanol solution
onto nanoscale Fe particles. As a typical procedure, 0.2 g of nanoscale Fe was added to
5 mL of 32 mM NiCl2 in a 12 mL vial and the solution was stirred for several minutes.
As Ni(II) was reduced, a thin layer of Ni was deposited on the surface of Fe, which gave
nano-Ni/Fe bimetallic particles. After being washed for several times with deoxygenated
deionized water to neutrality, the freshly prepared nanoparticles were immediately used in
the degradation experiments.

The synthesized Fe and Ni/Fe nanoparticles were characterized by the BET method to
find their specific surface areas. The experiment was performed by the Analytics and Chem-
istry Laboratory of China University of Geosciences (Beijing, China). The particles were
also imaged by transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) to determine their nanostructures.

2.3.2. Degradation Experiments

To investigate the nano-Ni/Fe degradation of HCB in a heavy-metal-free condition
and in the presence of single or double heavy metals, we set up four systems of sim-
ulated polluted water: a heavy-metal-free system (HCB), a system with added Cd(II)
(HCB + Cd), a system with added Zn(II) (HCB + Zn), and that with both Cd(II) and Zn(II)
(HCB + Cd + Zn). In each system, the initial concentration of HCB was 400 µg/L with 0.1%
acetone. For the heavy-metal-containing samples, analytical pure Cd (NO3)2/ZnSO4 was
added during preparation to obtain Cd2+/Zn2+ concentrations of 5 mg/L.

The experiments were conducted in 12 mL reaction bottles. To a 5 mL sample solution,
an excess of nano-Ni/Fe particles (7.5 g/L) was added. The solution pH was not adjusted.
The oxygen in the headspace was immediately purged with N2 for seconds. The reaction
was conducted in a shaking table at 120 rpm in the dark (25 ± 2 ◦C). Each run was
performed in duplicate. At selected time intervals, an aliquot of the liquid phase was
drawn from the reaction vial and the organic products were extracted with hexane. The
extract was analyzed by gas chromatography and the experimental results took the average
of three parallel samples.

3. Results and Discussion
3.1. Micro-Appearance Analysis

Figure 1 shows the TEM images of Fe nanoparticles prepared in water, v/v 30%
ethanol, and v/v 50% ethanol. The particles formed a characteristic chain-like structure, a
typical behavior due to magnetic attraction between the metal particles. The diameter of the
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particles was in the range of 20–100 nm. It was found that the addition of ethanol changed
the size and morphology of the nanoparticles under otherwise identical experimental
conditions. As shown in the TEM images, the particle size tends to be larger and more
severely clustered without ethanol. The addition of ethanol caused the particles to be more
dispersed, but there was no significant difference upon increasing the ethanol concentration
from 30% to 50%. Thus, to maximize the adsorption capacity of the nanoparticles while
saving cost, 30% ethanol was used as the solvent for the FeCl3·6H2O solution during the
synthesis of the nanoparticles.
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Figure 1. Transmission electron microscopy (TEM) images of nano-Fe particles (a) in water, (b) in
30% ethanol, (c) in 50% ethanol (Magnification: 80,000×).

SEM images of Fe and Ni/Fe nanoparticles (Figure 2) showed that they had similar
diameters, in the range of 20–60 nm, which was in line with the results obtained by
Zhang et al. (20–100 nm) and by Naser et al. (40–50 nm) [15,22]. The nanoparticles form
chain-like assemblies, where the Fe nanoparticles appeared as smooth “fiber”, while the
Ni/Fe nanoparticles (2%) appeared slightly more “granular”. The formation of the chain-
like structure was thought to be driven by magnetic attraction between the nanoparticles
due to the ferromagnetic properties of Ni and Fe metal [23]. The surface area of the
synthesized Fe and Ni/Fe nanoparticles were characterized by the BET method and was
found to be 25.41 m2/g for the Fe nanoparticles and 27.70 m2/g for the Ni/Fe nanoparticles.
The similarity in surface area indicated that they may have a similar adsorption capacity. It
is worth noting that the size and morphology of the nanoparticles are largely dependent
on the synthesis conditions, such as the solvent used, the type and concentration of the
ferric salt and the reductant, etc., which in turn affected the reactivity of the obtained
nanoparticles [23–25].

3.2. Dechlorination of HCB by Nanoscale Ni/Fe

Figure 3 shows the degradation of HCB to chlorobenzenes in water over time. The
concentration of HCB dropped rapidly in the first 4 h (removal percentage: 79%) and
then gradually decreased, reaching 99% removal in 48 h. Judging from the mass balance,
the initial drop in concentration was due to adsorption onto the nanoparticles, followed
by a period of slower removal dominated by dechlorination [12]. The main products of
HCB dechlorination were pentachlorobenzene (PCB), tetrachlorobenzenes (TeCBs), and
trichlorobenzenes (TCBs), with a trace amount of 1,2-dichlorobenzene (DCB). Among the
three isomers of TeCB, 1,2,3,4-TeCB was the main product, and 1,2,3,5- and 1,2,4,5-TeCB
were only produced in small amounts. For TCB, 1,2,3-TCB was the main product, with very
little 1,2,4-TCB detected in 72 h of reaction. The formation of the n-chlorobenzene series
suggests a mechanism of sequential dechlorination where HCB was degraded from n-Cl-
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to (n-1)-Cl-benzenes. In the first 4 h, PCB was the main product, whose concentration first
increased and then decreased, peaking at 12 h. TeCBs exhibited a similar trend of variation,
but peaked at 24 h, before which their concentration was lower than that of PCB, indicating
that they were formed further down the reaction series.
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Figure 3. Action time of HCB dechlorination by Ni/Fe.

The reductive dechlorination of chlorinated organic compound by Ni/Fe nanoparticles
proceeds through catalytic hydrogenation, where Fe acts as the reductant and loses elec-
trons to become Fe2+ [26]. H+ in water gains electrons and becomes activated [H], which is
adsorbed onto the catalytic Ni surface. Meanwhile, the C-Cl bond in the chlorinated hydro-
carbon (RCl) adsorbed on the surface of the nanoparticles breaks, with the Cl atom being
replaced by an H atom, converting RCl into RH and Cl−. Based on byproduct analysis, a
reaction pathway is proposed for the degradation of HCB by Ni/Fe nanoparticles (Figure 4).
HCB loses one chlorine atom to form PCB, which undergoes further dechlorination to form
1,2,3,4-, 1,2,3,5-, and 1,2,4,5-TeCB, as well as 1,2,3-TCB and 1,2,4-TCB. The final product was
1,2-DCB. The highly selective ortho-hydrogenation is thought to be primarily due to the
steric hindrance of the chlorine atoms [9].
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Several other studies have investigated the rate and byproducts of HCB removal by
Fe-based bimetallic nanoparticles. Zhu et al. showed that 4 g/L Cu/Fe nanoparticles in
200 µg/L HCB solution with pH = 4 buffer facilitated a 85% removal percentage in 12 h [14].
Shih et al. demonstrated that with 2 g Pd/Fe nanoparticles in 15 mL HCB solution (the
initial concentration was not provided), the removal percentage of HCB reached 70% in
24 h and then plateaued [10]. In our study, 93% removal of HCB was achieved in 12 h with
7.5 g/L Ni/Fe nanoparticles in 400 µg/L HCB solution, which was faster than the rates
reported in both studies. In terms of product distribution, the main products obtained by
Zhu et al. and in the present study after 96 h of reaction were TeCB and TCB, whereas Shih
et al. reported that DCB was the main product after 100 h of reaction, suggesting that more
complete degradation was achieved with Pd/Fe nanoparticles. The differences may be
attributed to different initial concentrations of reactants, reaction conditions, and catalytic
abilities of the coating metals.

Theoretical calculations suggested that the activation energies of removing chlorine
atoms become greater as the number of Cl substituents decreases [27]. Therefore, the
degradation of DCB to mono-substituted CB and benzene may be difficult in the current
reaction conditions. Nevertheless, the less-substituted chlorobenzenes exhibit lower toxicity
and are more easily removed by microorganisms, so chemical degradation by nanoparticles
may alleviate the toxic stress on the ecosystem and assist the self-repair of the environment.

3.3. Dechlorination of HCB in the Presence of Heavy Metals
3.3.1. HCB Dechlorination by Ni/Fe Nanoparticles in the Presence of a Single Heavy Metal

Figure 5 illustrates the concentrations of HCB and its degradation products at different
time intervals for three reaction systems: (1) with no heavy metal, (2) with Cd(II), and (3)
with Zn(II). As is apparent in Figure 5a, HCB was removed rapidly by Ni/Fe nanoparticles
in all reaction systems, and the addition of heavy metal did not significantly affect the re-
moval rate. Figure 5b shows that the concentration of PCB first increased then decreased in
all reaction systems, peaking at 12 h. The addition of Cd(II) elevated the PCB concentration
throughout the experiment, which may be attributed to competitive adsorption between
PCB and Cd(II) [15]. On the contrary, the addition of Zn(II) showed almost no effect on the
concentration of PCB.
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Figure 5. Change in the concentrations of hexachlorobenzene and its degradation products over time.
(a) hexachlorobenzene, (b) pentachlorobenzene, (c) 1,2,3,4-tetrachlorobenzene, (d) 1,2,3,5/1,2,4,5-
tetrachlorobenzene, (e) 1,2,3-trichlorobenzene, (f) 1,2-dichlorobenzene.

Figure 5c shows that the concentration of 1,2,3,4-TeCB first increased and then de-
creased, peaking at 24 h for the system with HCB only and 72 h and 48 h for the systems
with added Cd(II) and Zn(II), respectively. The delayed peaks indicated that the addition of
heavy metal slowed down the degradation. Furthermore, the concentration of 1,2,3,4-TeCB
was lower in the beginning of the reaction in the system with Cd(II), but rose to a high
level as the reaction proceeded. It reached a maximum of 54.42 µg/L in the system with
Cd(II) and 52.46 µg/L in the system with Zn(II), which were higher than the maximum of
the heavy-metal-free system (35.89 µg/L). This phenomenon suggested that with added
heavy metals, the generation of TeCB was slowed down at the beginning of the reaction. As
the reaction went on, the removal of TeCB via adsorption and dechlorination became the
dominant process, which was also slowed down by the addition of heavy metal, leading
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to an increased concentration. 1,2,3,5/1,2,4,5-TeCB was produced in a small amount and
its variation was more irregular (Figure 5d). However, the delay of the maximum and the
increased concentration in the later part of the reaction can still be observed.

Figure 5e shows that the concentration of 1,2,3-TCB was initially lower with added
Cd(II) and Zn(II). It then increased, surpassing that without added heavy metal and
staying at a high level. The concentration plateaued at 72 h for the system with added
Cd(II), whereas it kept increasing until the end of the experiment with added Zn(II). The
observation that the maximum of TCB was delayed or even unobtainable in the time frame
of the reaction indicated that its removal was inhibited by the addition of heavy metals.

Figure 5f shows that 1,2-DCB was produced at a low level, with only a trace amount
detected at 48 h for the system with added Zn(II) and 72 h for the other two systems. The
concentration of DCB increased with added Cd(II) and Zn(II), suggesting that the heavy
metals affected its adsorption efficiency.

The changing trends of the byproducts agree with previously published results on the
catalytic dechlorination of 2,4-dichlorophenol over Ni/Fe nanoparticles, where addition of
an inhibitory substance (humic acid) delayed the peak of the byproduct o-chlorophenol
and lowered the initial concentration of phenol, the final product [15]. On the other hand,
the lack of change in the removal rate of HCB may be explained by its non-polarity. It is
hypothesized that HCB may occupy different active sites on the surface of the nanoparticles
from charged ions and polar organic molecules, therefore experiencing less adsorptive
competition. This is supported by previous studies where the presence of Na+ and Mg2+

was shown to have no impact on HCB’s degradation rate [21].

3.3.2. HCB Dechlorination by Ni/Fe Nanoparticles in the Presence of Multiple Heavy Metals

Figure 6 shows the concentration of HCB and its degradation products in a heavy-
metal-free system and in a system with both Cd(II) and Zn(II). As shown in Figure 6a, the
concentration of HCB was lower with Cd(II) + Zn(II), and the removal percentage in 4 h
increased from 79% to 88%. It seems that the co-existence of Cd(II) and Zn(II) did not affect
the removal rate of HCB but promoted it slightly.

Figure 6b shows that the concentration of PCB peaked at 48 h with Cd(II) + Zn(II), and
stayed at a high level from 12 h to 48 h. The delayed peak and plateauing were not observed
in the systems with a single heavy metal, suggesting that the reaction was further slowed
down by the addition of both heavy metals. The variation in 1,2,3,4-TeCB in the system
with Cd(II) + Zn(II) resembled that with a single heavy metal, except that the concentration
kept increasing until the end of the experiment instead of peaking at a certain point like
in the system with Cd(II) (Figure 6c). This implies that TeCB’s degradation was further
inhibited by the addition of both heavy metals and therefore could not reach a maximum in
the time frame of the experiment. Moreover, as can be seen from Figure 6c,d, the maximum
concentration of 1,2,3,4-TeCB and 1,2,4,5/1,2,3,5-TeCB was higher than that of the systems
with a single heavy metal, suggesting that adsorptive competition was more pronounced
in the presence of both heavy metals.

The concentration of 1,2,3-TCB with the addition of both heavy metals was the lowest
among all four systems in the beginning. It then kept rising and became the second highest,
only slightly lower than the system with Zn(II) (Figure 6e). A very low amount of 1,2,4-TCB
was also detected during the experiment. For 1,2-DCB, a small amount was produced
and its variation with the addition of two heavy metals was similar to that with Cd(II)
(Figure 6f).

Overall, the addition of two heavy metals caused notable changes in the variation
in the chlorobenzenes. Specifically, the removal of HCB was slightly accelerated, while
the adsorption and dechlorination reactions involving PCB, TeCB, and TCB were further
hindered compared to the systems with a single heavy metal. The variation in DCB did
not differ much from that of the system with Cd(II). The observed phenomena show that
the effects of multiple influencing ions are not merely additive but complex, varying for
different organic molecules. One of the possible causes is that different adsorbates have
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distinct preferences for binding sites. Additionally, the adsorbed species are known to alter
the surface characteristics of the nanoparticles and modify their adsorption capacity.
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Figure 6. Change in the concentrations of hexachlorobenzene and its products over the reaction
time. (a) hexachlorobenzene, (b) pentachlorobenzene, (c) 1,2,3,4-tetrachlorobenene, (d) 1,2,3,5/1,2,4,5-
tetrachlorobenzene, (e) 1,2,3-trichlorobenzene, (f) 1,2-dichlorobenzene.

3.3.3. Change in Heavy Metal Concentration

Figure 7 shows the normalized concentration of Cd(II) and Zn(II) in the reaction system
containing a single type of heavy metal and the reaction system with both heavy metals.

In all cases, the concentration of the heavy metals decreased rapidly, reaching a
removal percentage of over 98% in 4 h, and remained at a low level. The removal of Zn(II)
was slightly better than that of Cd(II). Since the standard reduction potentials of Zn(II)
and Cd(II) are more negative or very close to that of iron, the main removal mechanism is
believed to be adsorption or surface complex formation instead of metal displacement [28].
The finding that the heavy metals can be effectively removed by Ni/Fe nanoparticles
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suggests that competition between the heavy metals and CBs for adsorption sites may be
the main cause for the reduced rate of dechlorination.
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Figure 7. Normalized concentrations of (a) Cd(II) and (b) Zn(II) in the reaction systems.

Our results demonstrate that HCB can be quickly removed by Ni/Fe nanoparticles
via adsorption and sequential dechlorination, producing PCB, 1,2,3,4-TeCB, and 1,2,3-TCB
as the main products, with 1,2,3,5/1,2,4,5-TeCB, 1,2,4-TCB, and 1,2-DCB detected in trace
amounts. The effect of heavy metal ions on the reaction rate and product composition was
examined by analyzing the variation in concentration for all products, where a low initial
concentration, increased maximum, and the delay or absence of peaks were identified
as signals of inhibited adsorption and degradation. It can be seen from the experiment
results that the addition of heavy metals has little effect on HCB’s removal but affects the
adsorption and degradation of the byproducts. The presence of both Cd(II) and Zn(II)
further reduces the extent of the sequential dechlorination process. On the other hand,
the removal of heavy metal ions was not affected, probably because the amount of HCB
added was low and thus had no noticeable effect on the adsorption of metal ions to the
nanoparticles. Future investigation was required to clarify how the change in reaction
conditions, such as starting HCB and heavy metal concentration, pH, temperature, etc.,
affects the reaction.

4. Conclusions

Our study has investigated the kinetics and products of HCB dechlorination by Ni/Fe
nanoparticles, and the influence of added heavy metal ions Cd(II) and Zn(II) on the re-
action. It is found that HCB can be rapidly removed by Ni/Fe nanoparticles via adsorp-
tion and sequential dechlorination. The main products are pentachlorobenzene, 1,2,3,4-
tetrachlorobenzene, and 1,2,3-trichlorobenzene, with 1,2,3,5/1,2,4,5-tetrachlorobenzene,
1,2,4-trichlorobenzene, and 1,2-dichlorobenzene as the minor products. The addition of
Cd(II) and Zn(II) has minimal effect on the removal rate of HCB, but inhibits the adsorption
and degradation of the products, as can be seen in the changes in their concentration–time
profiles. The inhibitory effect may be attributed to competitive adsorption between the
heavy metals and the chlorobenzenes. The presence of both heavy metals generally caused
greater inhibition than a single type of heavy metal. On the other hand, the heavy metals
were effectively removed by Ni/Fe nanoparticles in all reaction systems, with the removal
of Zn(II) slightly better than that of Cd(II). The results show that Ni/Fe nanoparticles can
remove HCB and heavy metal ions concurrently, with the degradation of hexachloroben-
zene made slower by the presence of heavy metals. These findings are poised to guide
further applications of bimetallic nanoparticles in the treatment of water and soil with
mixed pollutants.
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Abstract: Mine tailings are commonly stored in off-stream reservoirs and are usually composed
of water with high concentrations of fine particles (microns). The rupture of a mine-tailings pond
promotes, depending on the characteristics of the stored material, the fluidization and release of
hyper-concentrated flows that typically behave as non–Newtonian fluids. The simulation of non–
Newtonian fluid dynamics using numerical modelling tools is based on the solution of mass and
momentum conservation equations, particularizing the shear stress terms by means of a rheological
model that accounts for the properties of the fluid. This document presents the extension of Iber,
a two-dimensional hydrodynamic numerical tool, for the simulation of non–Newtonian shallow
flows, especially those related to mine tailings. The performance of the numerical tool was tested
throughout benchmarks and real study cases. The results agreed with the analytical and theoretical
solutions in the benchmark tests; additionally, the numerical tool also revealed itself to be adequate
for simulating the dynamic and static phases under real conditions. The outputs of this numerical tool
provide valuable information, allowing researchers to assess flood hazard and risk in mine-tailings
spill propagation scenarios.

Keywords: numerical modelling; Iber; viscous-plastic flows; gypsum tailings; pyroclastic/pyritic tailings

1. Introduction

Mine-tailings disasters represent one of the most significant environmental and human-
itarian challenges associated with the mining industry [1–3]. Tailings, the waste materials
produced from ore processing, contain a mixture of finely ground rock, water, and residual
amounts of chemicals used in the extraction process. When containment structures fail or
are overwhelmed by natural or anthropic forces, huge amounts of these tailings can be
released, causing severe environmental contamination and posing serious risks to human
health and livelihoods [2,4–6].

The complexity and scale of mine-tailings disasters present daunting challenges for
emergency responders, environmental regulators, and affected communities alike. Effective
response and recovery efforts require a deep understanding of the behaviour of tailings
materials, including their transport mechanisms and dispersion patterns, as well as the
potential for further environmental degradation over time. Moreover, addressing the root
causes of these disasters demands comprehensive risk assessment, improved engineering
practices, and robust regulatory frameworks to prevent future occurrences [7–9].

In recent years, heightened awareness of the risks associated with mine-tailings storage
has spurred efforts to enhance disaster preparedness and mitigate the impacts of potential
spills. Advances in technology and modelling tools have enabled increasingly accurate
predictions of tailings behaviour and the development of strategies to minimize risks to
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both human populations and the environment [10]. In response to the increasing awareness
of these risks, there has been a growing interest in the development of numerical tools to
predict the propagation and dispersion of mine-tailings spills. Thus, mine-tailings spill
propagation modelling is a crucial component of assessing and mitigating the environmen-
tal impact of mining activities [11].

These models aim to simulate the movement of tailings from the source of the spill
and subsequently through the environment, considering factors such as topography, hy-
draulics, sediment transport, and the physical and chemical characteristics of the tailings
materials. One of the key challenges in mine-tailings spill propagation modelling is accu-
rately representing the complex behaviour of the fluid once released into the environment.
The rheological properties of tailings, commonly assimilated to non-Newtonian flows,
can vary widely, depending on factors such as particle size distribution, mineralogy, and
water content [12–14]. Additionally, the terrain over which the spill travels can greatly
influence its behaviour, with steep slopes, channels, and vegetation all affecting the flow
dynamics [15–18].

The simulation of the dynamics of non–Newtonian flows, such as mine tailings, can
be performed by means of numerical modelling tools that are based on the solution of
mass and momentum conservation equations [19–22]. To that end, the shear stress terms
might be particularised by a rheological model that accounts for the properties of the
fluid [19,23–25]. Additional numerical treatments might be accomplished with the aim of
accurately reproducing both the dynamic and the static behaviour of the fluid over steep
slopes and irregular geometries [16,26–31].

The purpose of the research presented here is the evaluation of the new features
of Iber, a freely distributed depth-averaged two-dimensional hydrodynamic numerical
tool (www.iberaula.com (accessed on 15 June 2024)), recently extended for modelling of
non–Newtonian shallow flows. The code integrates several rheological models to consider
different flow behaviours and a specific numerical scheme that determines the stopping
of the fluid according to the rheological properties. The accuracy and efficiency of the
simulations realised according to the implemented methods are carefully assessed in
benchmarks and real case studies, showing a good agreement with the observations and
the absence of numerical instabilities.

2. Materials and Methods
2.1. Numerical Simulation Tool: IberNNF

Physically-based numerical tools for the simulation of non–Newtonian flows
utilise mass and momentum balance equations implemented for shallow flow condi-
tions [16,18,32–36]. These equations, when applied to water, are known as shallow water
equations (SWE). They are derived from the Navier–Stokes equations through a temporal
averaging to filter out turbulent fluctuations (Reynolds Averaged Navier–Stokes, or RANS),
and a depth averaging to convert the three-dimensional equations into two-dimensional
ones [30,37].

The SWE, applied in a two-dimensional domain (2D-SWE), form a hyperbolic nonlin-
ear system of three partial differential equations: one corresponding to mass conservation
and the other two to momentum conservation in the x and y directions of space:
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where h is the flow depth, qx and qy are the two components of depth-averaged specific
discharge, g is the projected acceleration due to gravity, So,x and So,y are the components of
the bottom slope, and τx and τy are the two components of the shear stress associated with
the rheological model.

Once discretised on a computational mesh composed by elements, the first equation of
the previous system shows the variation of the flow depth over time (∂h/∂t) in an element
due to volume inflows and outflows (∂qx/∂x, ∂qy/∂y) through its boundaries. The second
and third equations correspond to the variations of the discharges (∂qx/∂t, ∂qy/∂t) as
functions of the forces acting on the fluids. Four terms can be distinguished (only shown for
the x-component): inertia ∂

(
q2

x/h
)
/∂x and ∂

(
qxqy/h

)
/∂y, pressure ∂

(
gh2/2

)
/∂x, gravity

through the bottom slope (S0,x), and shear stress (τx).
Iber is a freely distributed, two-dimensional, depth-averaged hydrodynamic

tool [38,39] currently able to simulate different environmental shallow-water flows and
transport processes [16,40–52]. The previous systems of equations are solved through the
Roe scheme [53], a first-order Godunov-type upwind scheme for convective fluxes and the
geometric slope source term.

Iber has been recently enhanced to simulate non–Newtonian flows (IberNNF), such
as dense snow avalanches [15,16]. To that end, a single-phase fluid and the shear stress
grouping proposed by Julien and León [23] are assumed, besides the utilisation of an ad-hoc
numerical scheme that ensures the balance among the different terms of SWE [16]. Thus,
the rheological model of any particular fluid can be integrated through the shear stresses
term as the addition of five components: the dispersive contribution (τd), the turbulent
contribution (τt), the viscous contribution (τv), the Mohr–Coulomb contribution (τmc), and
the cohesive contribution (τc).

In this work, with the aim of characterizing the static and dynamic behaviour of
non–Newtonian shallow flows such as those found in mine-tailings spill propagation, two
friction models have been implemented in the code. The following rheological models are
expressed as friction slope (S f ), being τ = ρghS f .

Since the proposal of the Bingham rheological model [54], several approaches have
been introduced to deal with the difficulties associated with directly obtaining the shear
stress proportional to the flow velocity [55]. Some authors [56,57], assuming an incompress-
ible and homogeneous flow, derived the following expression for the viscous (τv) and the
Mohr–Coulomb (τmc) contributions:

S f =
1

ρgh

(
3
2

τy + 3
µBv

h

)
(4)

where τy is the yield stress, ρ is the fluid density, h is the flow depth, µB is the fluid viscosity,
v is the flow velocity, and g is the gravitational acceleration.

Voellmy [58] presented a rheological model that considers the turbulent friction (τt)
and the Mohr–Coulomb (τmc) terms as follows:

S f = µ +
v2

ξh
(5)

where ξ is the turbulent friction coefficient, and µ is the Coulomb friction coefficient.

2.2. Test Cases

Different test cases were utilised to analyse the performance of this new extension of
the numerical tool Iber for the simulation of non–Newtonian shallow flows, particularly
with reference to mine-tailings propagation. The fluid was characterised by selecting
a particular rheological model (Voellmy or simplified Bingham) that can represent its
behaviour during the dynamic and static phases.

The first test case, originally presented by Bryant [59], consists of an idealised dam-
break problem for viscous–plastic fluids that attempts to represent the release of a stored
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fluid and the subsequent propagation process. The experiment defines an initial fluid
height of 30.5 m and length of 305 m which is immediately released over a flat terrain.
Hungr [20] presented, on the bases of this experiment, an analytical solution for a plastic
fluid (ρ = 1835 kg/m3 and total steady-state shear strength of 2390 Pa), a particular case
of a simplified Bingham rheological model, and the numerical results obtained with the
1D numerical tool DAN. This experiment attempts to explore the capability of a fluid to
stop and rest, given a non-horizontal free surface, such may occur with mud flows, debris
flows, etc.

The second test case consists of a constant inclined plane (0.23 m/m) with a non–
horizontal initial flow surface, aiming to represent the release and stop of a pyroclastic
avalanche, a particular non–Newtonian flow that can be triggered by rainfall after a volcanic
eruption. A detailed description of the numerical test can be found in de’ Michieli Vitturi
et al. [60], who simulated the avalanche dynamics with the Voellmy rheological model
(µ = 0.3 and ξ = 300 m/s2). According to the rheological properties, the fluid should
stop on the inclined terrain surface. This test extends the previous one to the context of
steep slopes, in which non–Newtonian unconfined flows can stop in the presence of a
non–horizontal surface.

The third test case is the mine-tailings propagation caused by the failure of a gyp-
sum pond which occurred in 1966, in East Texas (USA). Jeyapalan et al. [61] revisited
the hydraulics of the pond failure, reporting the relevant observed data: the fluid was
spread asymmetrically, and inside the impoundment the fluid was mobilized to points
around 110 m perpendicular to the dyke and 140 m parallel to the dyke. This caused the
mobilisation of around of 80,000–130,000 m3 of gypsum tailings, which flowed some 300 m
beyond the dyke in 60–120 s. From a previous analysis, the fluid was characterized as
Bingham type with a flow density of 1400 kg/m3, a yield stress of 1000 Pa, and a viscosity
of 50 Pa·s.

Finally, the mine-tailing pond failure of Los Frailes (Aznalcóllar, Spain), which oc-
curred on 25 April 1998, was utilised to test the numerical tool under real conditions. When
the failure occurred, after a very fast breach formation that affected the two lagoons [62–64],
the stored fluids (pyroclastic and pyritic tailings) were spilled and probably mixed. Their
properties changed during the spill [65], and thus, the flow probably propagated as a
unique hyper-concentrated fluid [66,67]. Despite the uncertainties in the hydraulics of
the event [66], the fluid was assumed to behave as a Bingham plastic, with the aim of
testing the performance of the numerical tool for simulating non–Newtonian shallow flows.
Additionally, the spilled hydrograph proposed by Consultec Ingenieros [68] was used as
inflow at the breakpoint. A bulk density of 3100 kg/m3 was assumed, being the parameters
of the rheological varied from 0 to 50 Pa for the yield stress (τy) and from 0 to 2000 Pa·s
for the fluid viscosity (µB). The test was oriented as a sensitivity analysis instead of as a
reconstruction of the flood event (Table 1).

Table 1. Summary of the simulated scenarios in the studied case of the mine-tailing pond failure of
Los Frailes.

Parameter Range Increments

Yield stress, τy [Pa] 0–50 5
Viscosity, µB [Pa·s] 0–2000 5

3. Results
3.1. Idealised Dam-Break Problem for Viscous–Plastic Fluids

The calculation domain of 2000 m length was discretized with one-dimensional el-
ements of 1 m length. According to Hungr [20], the rheological model selected was the
simplified Bingham, but one only considering a total yield stress contribution of 2390 Pa
(i.e., ρghS f = 2390 Pa). Results were compared with an approximated energy solution
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presented in Hungr [20], with a runout distance of 1896 m, and those of a DAN model,
a one-dimensional numerical model developed ad hoc by the same author.

Figure 1a (green line) shows the fluid profile at the end of the simulation, which
stopped at 130 s with a runout distance of 1875 m. The results show a good agreement
with the detention time and runout distance of the analytical solution (Figure 1a, red line),
in addition to the results of the DAN model (Figure 1a, blue dots). A non-horizontal free
surface was obtained with the fluid at rest.

Figure 1. Dam-break of an idealised mine-tailings dam. (a) Final runout profile of the presented
code (green line), compared to the analytical solution (red line) and the numerical solution of the
DAN model (blue dots), as presented by Hungr [20]. (b) Runout profile evolution obtained with the
presently described code, for each 20 s.

The evolution of the simulated fluid profile is plotted in Figure 1b for each 20 s,
showing the particular behaviour of the fluid according to the rheological model used. This
results in a non–horizontal final shape with fluid depths at the leading-edge higher than
intermediate positions during the dynamic phase. The resulting wave-front velocities were
22.6, 16.5, 13.1, 10.6, 8.6, 6.5, and 1.4 m/s respectively, decreasing gradually.

This test shows the good performance of the presented numerical model, especially
in those configurations where non-velocity terms of the rheological model are neglected.
Hence, the fluid stops according to the yield stress contribution, which depends on the flow
depth at each location and time step.

3.2. Fluid Detention on Sloping Terrain

A particular test over steep slopes is presented by de’ Michieli Vitturi et al. [60],
aiming to show the performance of IMEX_SfloW2D, a numerical tool developed to simulate
pyroclastic avalanches in volcanic regions. A non-stable condition for an initial fluid over
an inclined plane was imposed and then immediately released. Such initial condition
was implemented by raster data, being the fluid-rheology Voellmy type. The domain was
discretised with one-dimensional elements of 1 m in length.

Figure 2 compares the results of both numerical models. Circles correspond to
IMEX_SfloW2D, while coloured lines represent the results obtained with the presented
numerical model. In both cases the fluid stopped over the inclined plane, showing a
quite similar solution. Since the free surface of the left side of the initial volume has a
slope less than the Coulomb friction coefficient (µ), the avalanche did not move upstream;
otherwise, the avalanche should move to reach an equilibrium state according to the
fluid characteristics.
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Figure 2. Idealised test case of a pyroclastic avalanche proposed by de’ Michieli Vitturi et al. [60].
Numerical results for a Voellmy-like fluid with µ = 0.3 and ξ = 300 m/s2: original data (circles) and
simulated results (lines). The black line represents the topography.

3.3. Idealised Gypsum Spill (East Texas, USA)

The impoundment dimensions of the gypsum pond presented by Jeyapalan et al. [61]
were idealized to 280 m in length and 110 m in width, with the breach spanning 120 m in
width and 20 m in thickness. The initial condition was assumed to be a constant height of
11 m, and the fluid was released instantaneously. The computational domain, spanning
510 m in length and 400 m in width, was discretized into triangular-shaped elements of
2 m mean side length. The total number of elements was 105,936. The fluid was assumed
to be Bingham type (τy = 1000 Pa and µB = 50 Pa·s).

Figure 3 depicts the spill propagation each 30 s. The fluid spread asymmetrically
due to the idealised geometry of the impoundment. The maximum simulated runout was
265 m, the wave front being stopped at 50 s, while the detention of the fluid was completely
produced at 102 s. The spread volume from the impoundment was 170,620 m3, while the
remainder was 176,804 m3, with a maximum height of 7 m.

Figure 3. Cont.
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Figure 3. Results of the simulation considering a Bingham-like fluid in an idealised geometry of the
gypsum pond failure that occurred in 1966 in East Texas (USA). Depth evolution each 30 s.

3.4. Pond Failure of Los Frailes (Spain)

The simulation of the spill was limited to the upper part of the more than 85 km of
the total observed flood, extending from the point of failure (Figure 4a, red star) to El
Guijo gauge station (Figure 4a, blue circle), located 7.1 km downstream of that point. The
modelled area spans approximately 1000 ha over a distance of 9 km and encompasses a
predominantly flat terrain comprising alluvial terraces, including the convergence point of
the Guadiamar and Agrio rivers (Figure 4a). An unstructured mesh composed of triangular
elements with a mean side length of 10 m was utilised to discretise the calculation domain,
generating 219,330 elements (Figure 4b).

Figure 4. (a) General location of the Los Frailes mine pit, topography of the terrain, breakpoint (red
star) and gauge station (blue circle). (b) Mesh discretisation at the Agrio River and Guadiamar River
junction (dotted rectangle in (a)). (c) Estimated hydrograph generated after the pond break.
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Post-failure topographical data, consisting of a Digital Terrain Model (DTM) with
a 5 × 5 m pixel size, were utilized to update the elevations of the nodes due to the un-
availability of an original dataset acquired previous to the event. It is worth noticing that
modifications to the riverbed and banks occurred subsequent to the spill event as part
of river restoration efforts [69–71], potentially leading to differences in the topographical
features.

The simulation process involved varying the Bingham parameters to analyse the
performance of the numerical model. The parameters τy and µB were systematically varied
within ranges of 0 to 50 Pa and 0 to 2000 Pa·s (see Table 1). An initial analysis was made
with the aim of understanding the flow behaviour by independently varying the yield stress
and Bingham viscosity parameters. Subsequently, a combination of both parameters was
tested together.The inlet boundary condition was defined by the hydrograph (Figure 4c)
of the spill originated at the junction of the two lagoons, as represented by the red star in
Figure 4a. This hydrograph was derived through an iterative process of inverse convolution
from the recorded data at the gauge station [68]. This process was first carried out by means
of the numerical tool HEC-1, and then with the numerical tool HEC-RAS to obtain the
discharge–volume relations, and, finally, the “Modified Puls” routing method was used
to obtain the hydrograph at the breaking point. A critical flow regime was imposed as an
outlet condition at the El Guijo gauge station.

In the first analysis, the yield stress was again revealed to have a significant role in
fluid retention. As expected, an increase in τy resulted in a higher volume of retained
spill. Figure 5 illustrates this effect, showing that for low values of τy, the flow extension
increases near the discharge point, but with smaller flow depths (Figure 5a). Conversely,
higher τy values lead to a smaller extension near the breakpoint, but greater extension
downstream, with higher flow depths observed in both areas (Figure 5d).

Figure 5. Retained flow at the end of the simulation, considering null viscosity (µB = 0 Pa·s) and
different values of the yield stress: (a) τy = 5 Pa; (b) τy = 15 Pa; (c) τy = 25 Pa; and (d) τy = 50 Pa.

On the other hand, Bingham viscosity affects flow behaviour in terms of flow propa-
gation velocity, albeit without retention capacity, exhibiting a Manning-like behaviour in
water flows. Figure 6a illustrates simulated hydrographs at the outlet boundary for various
values of µB (25, 50, 200, 1000, 1500, and 2000 Pa·s), with τy = 0 Pa. An attenuation of the
hydrograph is observed as Bingham viscosity increases, with the second peak becoming
almost negligible for values greater than 200 Pa·s. For µB values less than 50 Pa·s, the
simulated results closely match the observed ones (Figure 6a). The arrival time of the
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flood at the gauge station is well-captured for µB = 25 Pa·s, although there is a slight
underestimation of the peak discharge. The numerical model also reproduces the second
peak well for low values of µB.

Figure 6. (a) Estimated hydrograph (red squares) and results of the different µB values tested (purple
lines). Simulated flood extension (red polygon) and observed flood recorded by Landsat TM on
30 April: (b) τy = 25 Pa and µB = 5 Pa·s; (c) τy = 25 Pa and µB = 15 Pa·s.

Figure 6b,c illustrate the best-fit result of combining τy and µB values considering
the previous analysis. The simulated flood extension is compared with the satellite image
taken in the study area five days after the disaster, on 30 April (dark-blue polygon), which
was then used to define amendments in contaminated soils [13]. These figures show the
extension of the computed flood (red polygon) overlaid on the registered flood (dark-
blue polygon) for two different combinations of the Bingham parameters: τy = 25 Pa and
µB = 5 Pa·s (Figure 6b); and τy = 25 Pa and µB = 15 Pa·s (Figure 6c).

Despite both parameter combinations having the same τy value, significant differences
in flood extension are observed due to the reduction of velocity for µB = 15 Pa. When
the velocity is low because the resistance forces are high, there is greater retention of the
flood. This effect is particularly noticeable downstream of the river’s junction, where a
more continuous extension of the computed flood is observed.

4. Discussion
4.1. On the Numerical Approach

In general, in the numerical modelling of non–Newtonian fluids using 2D shallowwa-
ter equation (2D-SWE)-based models, the flow is simulated as a continuum. In this ap-
proach, the individual movement of particles that could occur in nature cannot be simulated.
However, most fluidified mine tailings behave as a continuum, and simulation tools based
on 2D-SWE can be used here to describe their dynamics as long as the different terms of
2D-SWE are well balanced [16,27,72]. Nevertheless, the intrinsic assumptions for obtaining
the system of 2D-SWE, together with the uncertainty/variability in field observations [73],
may lead to uncertainties in the flood extent and in the internal movements of the particles,
but this occurs for all numerical models, since they are simplifications of reality.

In numerical flow modelling, it is necessary to establish a wet–dry depth limit for an
accurate characterization of wave fronts while preserving mass, which is a threshold used
to consider whether there is flow in a mesh element or not. This is a relevant parameter
for water flow, especially for flooding in flat areas [74–76], and for hydrological processes
modelling [40,47,77], but it also applies to non–Newtonian fluids such as those occurring in
mine-tailings spill propagation modelling. Very large wet–dry limits, greater than a few cen-

79



Water 2024, 16, 2039

timetres, can significantly alter flow propagation, especially as to the flow front [38,40]. The
wet–dry limit must be properly defined, considering, in general, the geometric dimension
of the problem, mesh size, expected flow depth, and, particularly, fluid properties. Addi-
tionally, selecting the appropriate numerical scheme to handle wet–dry fronts, especially
the drying method, is crucial for preserving mass conservation [28,29,31,53].

There are few references on wet–dry limit treatment for non–Newtonian shallow
flow models based on the solution of the 2D-SWE. For this type of flow, the individual
and/or aggregate particle size is generally smaller than a few millimetres; since the fluid is
simulated as a continuum, wet–dry limit values from 0.001 to 0.01 m can be sufficient to
properly define the dynamics and extent of the flood. A value of 0.01 m was chosen for
all simulations, but further investigation is necessary to fully understand the role of this
parameter in the simulation of non–Newtonian shallow flows.

4.2. On the Rheological Models

Rheological models to describe both the dynamic and static phase of non–Newtonian
shallow flows exist for a wide field of applications. In particular, in contexts related to
environmental flows, and, especially, shallow flows, several rheological models have been
developed to describe the relationship between the shear stress and the shear rate [78].

From the simplest potential law to the full—and complex—Bingham model, several
rheological models exist in the literature, the development of each one being oriented to
achieve a particular reproduction of a fluid behaviour. The aim of the present work is not
to test as many rheological models as possible—or all that exist. Although this would allow
a broader simulation of the behaviour of non-Newtonian shallow fluids, some rheological
models are not appropriate to fluids that have a non–horizontal free surface at rest.

Rheological models that only integrate velocity-dependent terms do not allow the
detention of the fluid, such as occurs with water flows in unconfined geometries. This
would be the case of Manning-based rheological models.

The Manning rheological model, an empirical equation widely utilised in hydraulics
and hydrology, applies to uniform flow in open channels and is a function of the channel
velocity, flow area, and channel slope:

S f =
n2v2

h4/3 (6)

where n is the Manning coefficient, v is the flow velocity, and h is the flow depth. It is
related to turbulent friction (τt), which is utilised by several authors in simulating hyper-
concentrated flows [79–82]. The unique value for calibration is the Manning coefficient (n).

In work similar to the Manning rheological model, while considering constant sedi-
ment concentration and uniform flow, Macedonio and Pareschi [83] proposed the following
relation of the shear stress: τ = τy + µ1(dv/dz)α, where τy is the yield stress, µ1 is a
proportionality coefficient, and α is the flow behaviour index.

When α = 2, a dilatant flow behaviour is expected:

S f =
n2v2

h3 (7)

The same authors also presented the application of the Manning equation to vis-
cous flows by particularizing the parameter α = 1. This allows for the representation of
viscous flows:

S f =
n2v
h2 (8)

A similar behaviour is expected in those models that also integrate non–
velocity-dependent terms, such as the Voellmy and simplified Bingham, when the velocity-
dependent terms are neglected. O’Brien [84] derived an expression for the representation of
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the shear stress of mudflows, being a quadratic equation that integrates the Mohr–Coulomb
term, the viscous term, and the turbulent term as follows:

S f =
τy

ρgh
+

KµBv
8ρgh2 +

n2v2

h4/3 (9)

where τy is the yield stress, ρ is the fluid density, g is the gravitational acceleration, h is the
flow depth, K is a resistance parameter, µB is the flow viscosity, v is the flow velocity, and n
is the Manning coefficient. With this approach, the fluid continues flowing when the yield
stress contribution is omitted.

Bartelt et al. [85] developed a resistance term related to the cohesion, a physical
property of the fluid. This rheological model is non–velocity-dependent and is expressed
as follows:

S f =
1

ρgh

(
CB (1 − µ)

(
1 − e−

ρgh
CB

))
(10)

where ρ is the fluid density, g is the gravitational acceleration, h is the flow depth, CB is the
cohesion, and µ is the Coulomb friction coefficient. Although this model is functional and
allows for the stopping of the fluid within unconfined and irregular slopes, it is commonly
used together with the Voellmy model.

4.3. On the Performance of Iber in Simulating Mine-Tailings Spill Propagation

The test case of a sloping terrain presented in de’ Michieli Vitturi et al. [60] was
originally developed for the simulation of pyroclastic avalanches, such as those produced
in post-eruptive events in volcano regions. However, some mining activities generate
similar materials, which, in contact with water, have similar behaviours when released
after the break of a mine pond [62,63,66,86–92]. Apart from the particularities of the test,
the extension of Iber for simulating non–Newtonian shallow flows was proved to be valid,
even for steep slopes. The fluid can stop on steep terrains thanks to the specific numerical
scheme utilised in which non–velocity-dependent terms of the rheological model are used
to counterbalance the pressure forces [16]. This can be useful in several situations, such as
for mine ponds located in mountain regions [2,93,94]. The use of a well-balanced numerical
scheme avoids oscillations leading to numerical instabilities; otherwise, the imbalance can
make them incapable of simulating even quiescent states over both simple and complex
geometries [27–31,95,96].

The simulation of a gypsum spill caused by the failure of a pond in East Texas
in 1966 [61] was utilised to show the performance of the numerical model over two-
dimensional domains. Some differences were observed due to important assumptions and
simplifications applied not only in the domain discretisation, but also in the topographical
data. The simulated runout distance was smaller than the reported one, which might have
been caused by the assumption of a completely horizontal flat terrain and, particularly, the
rheological model utilised. But other factors should not be discarded.

In this regard, the yield stress term in Equation (4) is multiplied by a factor of 1.5; this
means the contribution of a 50% higher yield stress term than found in similar numerical
models that use a Bingham-based rheological model without this factor [84,97,98].

Aiming to show the influence of this factor in the simulations, the same case was
re-calculated, omitting this factor, which showed a better performance in term of runout.
Figure 7 compares the flow behaviour considering the increased factor of 1.5 in the yield
stress terms (upper row), according to the proposal of [56,57], and without considering this
factor (lower row). In this last case, the runout distance reached 300 m, in agreement with
the observations [61]. Despite the differences in the resistance terms, the leading edge of
fluid stopped at 50 s in both cases, keeping a similar shape as to the flood extent. In this
sense, in both cases the released volume was higher than the estimations, but was within
the same order of magnitude as the values presented by Jeyapalan et al. [61]. Despite the
fact that the freezing time agrees with the observations, the uncertainties in the breach
formation (breaking time and shape evolution of the breach) and the possible fluidification
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of the stored fluid [65] might favour a lack of representation of the fluid behaviour during
the dynamic and static phase [66].

Figure 7. Idealised gypsum spill. Contour line depth evolution when using the simplified Bingham
rheological model with an increased factor of 1.5 in the yield stress, according to [56,57] (upper row),
and without the increased factor in the yield stress term (lower row).

Finally, despite the fact that the Los Frailes mine pond failure was not utilised to repro-
duce the event, the presented results highlight some discrepancies with the observations.
The topographical data utilized was the most recent Digital Terrain Model (DTM) pro-
vided by the Instituto Geográfico Nacional. However, significant morphological changes
occurred after the accident due to the removal operations of the deposited muds, and the
river restoration program known as “El Corredor Verde del Guadiamar” [70].

Data recorded at El Guijo gauge station suggested the presence of two peaks, but
its poor quality necessitated an ad hoc hydraulic study to reconstruct the spill’s hydro-
graph [66]. Nevertheless, this hydrograph was then utilized as an inlet condition at the
failure point, potentially generating differences in the spill reconstruction. A portion of the
spilled fluid, predominantly composed of pyrite, remained and ceased flowing, indicating
a mudflow-like behaviour. A Bingham-type fluid was assumed, but a hyper-concentrated
behaviour (sediment-laden flow) cannot be discarded, given the observations made during
the spill [66,67]. In any case, the performance of the extension of Iber to simulate real
scenarios of non–Newtonian shallow flows, such as mine-tailing spills, was proved to
be suitable.

4.4. On the Code Optimization and Computing Time for GPU-Computing

Iber is a numerical tool explicit in time; hence, the CFL stability criterion applies
over the computational time step [99]. This condition establishes a relation between
the water depth, the flow velocity, the wave celerity, the size of the element, and the
maximum permissible computational time step. The extension of Iber for the simulation
of non–Newtonian shallow flows uses the computational time step proposed by Cea and
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Bladé [40], with a value of CFL = 0.45 being used in all test cases for numerical stability.
Iber automatically calculates the calculation time steps for solving the equations.

Thus, high flow depths and velocities, in addition to small-sized elements, notably
increase the computational time. The current version of IberNNF is CPU-based, which
is partially parallelised using OpenMP. This means that, at most, only “speed-ups” corre-
sponding to the number of CPU cores can be obtained. When dealing with the simulations
of mine-tailings propagation case studies, the problem domain or/and the resolution
needed to assess the fluid dynamics could notably increase the computation time.

Future work should focus on the application of general-purpose computing on graph-
ics processing unit (GPGPU) techniques [100,101] to parallelise the code for GPU computing,
such as seen in the water-based hydrodynamic, habitat, and sediment-transport modules
of Iber, called R-Iber [50,102]. With that, together with a code optimization, the computing
process will reach speed-ups above 100-times that of the sequential version. With the aim
of testing the current applications, the model is freely distributed as a part of the software
suite through www.iberaula.com (accessed on 15 June 2024).

4.5. On the Associated Risk of Mining Activities

Mining activities, while essential for the extraction of valuable minerals and resources,
pose several associated risks that can impact the environment, human health, and local
communities. To that end, guidelines for the design, construction, monitoring, and closure
of tailings dams are mandatory to manage and prevent hazardous situations. Following
these recommendations can greatly reduce the risks of failures and dangerous conditions
for both people and the environment [2,94].

Nevertheless, more than 150 major tailings-dam failures have been reported since
1961, with a wide variety of materials being released [93]. This means 2.5 failures per
year, on average, 82 of them having occurred in the 2000–2024 period. This reveals a
clear necessity for additional—and in-depth—management, monitoring, prevention, and
planning strategies to reduce the associated flood risks of mining activities [2,103].

The development of numerical simulation tools can help in addressing several en-
gineering problems related to mining activities and can also help in reducing the risk
of a failure and the subsequent occurrence of situations dangerous for people and the
environment, due to the release and propagation of uncontrolled spills. Understanding the
characteristics of tailings ponds, including their construction and filling processes, as well
as the type of fluid stored (and whether it maintains Newtonian properties), is essential [66]
for properly addressing not only the reconstruction of a past event but also the evaluation
of the risk of future failure or malfunction scenarios in mine-tailings dams that might cause
flood events.

5. Conclusions

Numerical modelling of non–Newtonian fluids using 2D shallow water equations
(2D-SWE) simulates the flow as a continuum. Despite the fact that it might not capture
individual particle movements accurately, this approach is quite useful for the simulation
of the propagation of a mine-tailings spill after a dam failure.

To that end, specific rheological models are used to describe both static and dynamic
behaviours. However, not all rheological models are suitable for fluids with non–horizontal
free surfaces at rest. Only those that contain non–velocity-dependent terms, such as
Bingham or Voellmy models, among others, can retain the flow in unconfined geometries
and step slopes.

This work presents the extension of the hydraulic numerical tool Iber for the simu-
lation of non–Newtonian flows, in particular, mine tailings. This extension draws on the
developments carried out for the simulation of snow avalanches, but the friction terms
have been particularized to rheological models capable of representing the dynamic and
static behaviours in the propagation of mine tailings.
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The different case studies utilised to test the code proved that the numerical tool is
capable of simulating this type of fluid under different situations, such as the obtaining of a
non–horizontal free surface for a fluid at rest, and the stopping of the fluid in an area with
a slope, according to the properties of the fluid, as well as demonstrating its usefulness
in real cases. The code performed suitably, providing reliable results without numerical
instabilities, even when using a wet–dry limit of 0.01 m, which provided a good description
of the flooded area.

The development or enhancement of numerical tools for evaluating flood hazards
and risks associated with mining dam failure is crucial. These tools should not only
assess the potential impact of such failures, but also propose effective mitigation measures
and contribute to the development of guidelines for constructing safer structures. These
tools must accurately predict the extent and severity of flooding that could result from
a mining dam failure. They should provide insights into vulnerable areas and describe
potential damage to infrastructure and communities and the likelihood of loss of life. By
doing so, they enable stakeholders to make informed decisions about emergency response
planning, evacuation routes, and the implementation of protective measures, in addition to
contributing to the development of guidelines for constructing safer mining structures in
the future.
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Abstract: The groundwater of the Luohe Formation in Binchang mining area is the main source of
water for industrial and agricultural use and for drinking water for residents in the area. In order to
study the hydrochemical characteristics and water-quality status of Luohe Formation groundwater in
the mining area, statistical analysis, Piper three-line diagram, ion ratio relationship, and other methods
were used to study the hydrochemical characteristics and formation factors of the groundwater. The
Nemerow index evaluation method and the fuzzy comprehensive evaluation method based on
principal component analysis were used to evaluate the groundwater quality in the mining area. The
results show that the groundwater is weakly acidic as a whole, and the content of SO4

2− and Cl−

have strong variability in terms of spatial distribution. The groundwater chemical type gradually
evolves from SO4 • HCO3 • Cl–Na, SO4–Na and SO4 • Cl–Na-type water in the north of the mining
area to SO4 • HCO3 • Cl–Na • Ca, HCO3 • SO4–Na •Mg, and SO4 • Cl–Na • Ca •Mg-type water in
the south. The formation of the hydrochemical composition of groundwater in the study area may be
related to multiple factors such as cation-alternating adsorption, carbonate and sulfate dissolution,
and hydraulic exchange with the groundwater of the upper Huachi Formation. Comparing the
evaluation results of the Nemerow index method and the principal component analysis method,
the latter’s evaluation results can take into account the contribution of each indicator to the overall
groundwater quality, and to a certain extent can weaken the control effect of a certain pollution
indicator, exceeding the limit on the entire evaluation result. Therefore, the evaluation results based
on the principal component analysis method are more credible.

Keywords: groundwater of the Luohe Formation; hydrochemical characteristics; water-quality
evaluation; Nemerow index method; Binchang mining area

1. Introduction

Groundwater resources are the material basis for supporting social and economic
development and maintaining the functional balance and diversified services of ecosys-
tems [1]. However, recent years have seen an increase in groundwater pollution due to
human activities [2]. Western China, rich in coal resources, suffers from a fragile ecological
environment and scarce water resources [3,4]. The intense and concentrated exploitation
of coal in recent years has damaged aquifer structures, leading to issues such as declining
groundwater levels [5,6], water resource leakage [7–10], and worsening water quality [11].
This has significantly diminished the ecological functionality of coal mining areas. Under
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the same geological background, the concentration of the main chemical indicators of
groundwater in the coal mining area is significantly higher than that in the non-mining
area. Coal is rich in harmful elements such as Cl and Pb, which have a strong carcinogenic
risk and threaten the drinking water safety of residents [12]. Therefore, research on the
hydrochemical characteristics of groundwater in mining areas, scientific evaluation of
groundwater quality, and the timely grasp of groundwater environmental conditions can
effectively promote the protection and rational development of water resources.

Factor analysis and multivariate statistical analysis have been favored in the analysis of
hydrochemical characteristics [13]. Principal component analysis, systematic clustering, the
Piper diagram, and the Gibbs diagram are mostly used to analyze the genesis and evolution
of groundwater hydrochemistry [14–16]. Spatial analysis of principal component load
scores and hydrochemical types can be used to study the controlling factors of groundwater
chemical formation [17].

Water-quality evaluation is primarily divided into single-factor evaluation and com-
prehensive evaluation methods. The single-factor evaluation method directly highlights
excessive components and regions of groundwater quality [18]. Li Lijun et al. used single-
factor evaluation and the superposition index method to assess groundwater pollution
in Songyuan City and analyzed its impact [19]. The comprehensive evaluation method
fully reflects the overall status of groundwater quality. Comprehensive evaluation methods
include the water quality index method [20], fuzzy comprehensive evaluation method [21],
geostatistics method [22,23], and provenance extension method [24]. The fuzzy comprehen-
sive evaluation method is widely used. Dahiya et al. [25] used the fuzzy comprehensive
evaluation model to assess water quality at 42 groundwater sampling sites in Haryana State,
Southern India. The results showed that about 64% of the groundwater was of satisfactory
or acceptable quality. Peng et al. [26] used the fuzzy comprehensive evaluation method
to assess water quality at 34 groundwater sampling points in Zhaoyuan City, Shandong
Province. The results showed that 88% of the water was polluted. However, the fuzzy
comprehensive evaluation method is cumbersome. The evaluation process becomes more
complex with more water sample data, and constructing the weight matrix is the most
critical problem.

The analytic hierarchy process, principal component analysis [27], entropy weight
method [28], rough set method [29], and factor analysis are commonly employed to identify
key evaluation indicators and determine their weights. Xia et al. [30] enhanced the fuzzy
comprehensive evaluation model using principal component analysis. This simplification
significantly streamlined the evaluation process, yielding satisfactory results.

The Binchang mining area, situated in the hill and gully regions of the Eastern Long-
dong Loess Plateau, serves as the central construction zone for the Huanglong coal base.
According to statistics, Binzhou City and Changwu County in the mining area have total
water resources of 7687 million m3 and 45,494 million m3, respectively. However, in areas
with severe water shortages, the per capita water resources are merely 210.00 m3 and
249.60 m3. The aquifer of the Lower Cretaceous Luohe Formation, rich in water, is the
principal source for industrial, agricultural, and drinking water in the Binchang mining
area, holding significant strategic reserve value [31]. Since the 1980s, the exploration and
development of coal resources in the area have led to the opening of several modern fully
mechanized mines, resulting in subsequent groundwater pollution. Based on the analysis
of hydrogeological characteristics, the chemical characteristics and formation factors of
groundwater in the Cretaceous Luohe Formation in the Binchang mining area of Shaanxi
Province are discussed by means of statistical analysis, Piper diagram, and ion combination
ratio analysis. Groundwater quality in the mining area is evaluated using the Nemerow
index method and fuzzy comprehensive evaluation based on principal component analysis.
The expected outcomes of this research are to offer theoretical support for the development
and utilization of groundwater resources in the mining area.
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2. General Situation of the Research Area
2.1. Current Situation of Coal Resources Development

The Binchang mining area, the principal site within the Huanglong coal base, serves as
the main mining district in Shaanxi Province. This area is the primary energy provider for
Shaanxi’s Guanzhong district. Spanning 46.00 km east to west and 36.50 km north to south,
the mining area covers 978.00 km2. Geological exploration of the coalfield in the Binchang
mining area started in the 1980s, with reserves reaching 7.562 billion tons by the end of 2016.
Currently, the mining area houses 13 operational coal mines, comprising 12 large-scale
mines with capacities of at least 1.20 Mt/a and one medium-sized mine with a capacity
of 0.45–1.20 Mt/a. The mining area’s total production capacity stands at 49.60 Mt/a. As
shown in Table 1. The mining area’s coal-bearing stratum, the Jurassic Yan’an Formation,
includes eight coal seams. The entire area permits mining of the No. 4 coal seam, which
varies in thickness from 0.15 to 35.04 m and averages 10.64 m.

Table 1. Capacity and status of the main coal mines in the Binchang mining area [32].

Coal Mine Capacity
(Mt/a) Status Coal Mine Capacity

(Mt/a) Status

Mengcun 6.00 Production Wenjiapo 3.20 Production
Xiaozhuang 5.00 Production Dafosi 3.00 Production

Hujiahe 5.00 Production Huoshizui 3.00 Production
Tingnan 5.00 Production Xiagou 3.00 Production

Yangjiaping 5.00 Construction Shuiliandong 1.50 Production
Gaojiabu 5.00 Production Jiangjiahe 0.90 Production
Yadian 4.00 Construction

2.2. Aquifer Characteristics

The Binchang mining area is situated in the southwestern margin of the Ordos Basin,
within the southern hydrogeological unit of the Cretaceous groundwater basin. The area
predominantly lies in the Jinghe River Basin, which is categorized as the Jinghe Hydrogeo-
logical Unit. The study area is within this unit. Groundwater development and utilization
in the study area have shifted from primarily relying on Quaternary loose layer groundwa-
ter, with Cretaceous Luohe sandstone shallow groundwater as a supplement, to primarily
using Cretaceous Luohe Formation sandstone groundwater, with Quaternary loose-layer
groundwater as a supplement. The aquifers in the Binchang mining area, from top to
bottom, include: the Quaternary Holocene alluvial–diluvial aquifer, Quaternary Pleis-
tocene sandy loess and sandy clay aquifer, Neogene red clay impermeable layer, Cretaceous
Huachi Formation sandstone aquifer, Cretaceous Luohe Formation pore-fissure aquifer
group, Yijun Formation conglomerate pore-fissure aquifer group, Anding Formation imper-
meable layer, Zhiluo Formation fissure aquifer, Yan’an Formation fissure aquifer, Fuxian
Formation mudstone impermeable layer, and Triassic sandstone aquifer (Figure 1). Among
these, the Cretaceous Luohe Formation aquifer stands out for its high water abundance,
excellent water quality, and significant water supply and ecological importance.

91



Water 2024, 16, 1913Water 2024, 16, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. Hydrogeological section of the Binchang mining area [32]. 

2.3. Aquifer Occurrence Characteristics of Cretaceous Luohe Formation 
The Luohe Formation from the Cretaceous period is mainly exposed in the East Val-

ley of Jinghe and its tributaries. In the northern part of the minefield, this formation lies 
beneath the Cretaceous Huachi Formation, with thicknesses ranging from 0 to 580.84 m, 
and typically between 200 and 300 m. The Luohe Formation primarily consists of purple 
to dark purple medium- to coarse-grained sandstone, along with conglomerate, sandy 
conglomerate, mudstone, and sandy mudstone. The bottom interface of the Luohe For-
mation is a continuous plane surface, contacting the underlying Yijun Formation strata. 
The formation’s base typically inclines northwest, forming a monocline. Due to its geo-
logical structure, the thickness of the Luohe Formation gradually decreases from north-
west to southeast, disappearing at the southeastern boundary of the mining area (Figure 
2). 

 
Figure 2. The contour of the Luohe Formation’s thickness in the Binchang mining area [32]. 

Figure 1. Hydrogeological section of the Binchang mining area [32].

2.3. Aquifer Occurrence Characteristics of Cretaceous Luohe Formation

The Luohe Formation from the Cretaceous period is mainly exposed in the East Valley
of Jinghe and its tributaries. In the northern part of the minefield, this formation lies
beneath the Cretaceous Huachi Formation, with thicknesses ranging from 0 to 580.84 m,
and typically between 200 and 300 m. The Luohe Formation primarily consists of purple
to dark purple medium- to coarse-grained sandstone, along with conglomerate, sandy
conglomerate, mudstone, and sandy mudstone. The bottom interface of the Luohe Forma-
tion is a continuous plane surface, contacting the underlying Yijun Formation strata. The
formation’s base typically inclines northwest, forming a monocline. Due to its geological
structure, the thickness of the Luohe Formation gradually decreases from northwest to
southeast, disappearing at the southeastern boundary of the mining area (Figure 2).
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Vertically, the Luohe Formation is affected by alternating sedimentation of meandering-
braided-meandering river facies from the bottom to the top and shows obvious segmenta-
tion. The floodplain and channel deposits of the meandering river sedimentary section are
well-developed, displaying clear positive cycles and a binary structure. The lower structure
consists of edge beach deposits, characterized mainly by lateral accretion, while the upper
structure is composed of floodplain deposits, primarily formed by vertical deposition. The
sediment section of the middle-braided river exhibits a positive cycle progressing from
bottom to top. The sediments primarily consist of gravel and sand. The sediment features
relatively coarse grains, and it is more water-rich compared to the sediments of the upper
and lower meandering rivers [33].

3. Sample Collection, Testing, and Analysis
3.1. Sample Collection and Testing

The groundwater of the Luohe Formation in the Cretaceous System is a vital water
source for industrial, agricultural, and residential use in the Binchang mining area. To
investigate water environment issues caused by coal mining in the area, water samples were
collected from 10 Luohe Formation groundwater monitoring wells in the Binchang mining
area. Groundwater samples were collected, stored, and sent for inspection following
HJ/T164-2004 “Technical Specifications for Groundwater Environmental Monitoring”.
Before sampling, the pre-cleaned and sterilized 5 L high-density polyethylene bottles
were rinsed 2–3 times, and samples were filtered with a low-speed vacuum pump during
sampling. After collection, samples were stored in a dark, low-temperature environment
and sent to the laboratory for testing within the specified time. Key detection indicators
include total dissolved solids (TDS), K+, Na+, Ca2+, Mg2+, CODMn, Cl−, SO4

2−, HCO3
−,

NO3
−, F−, NH3-N, and pH. pH was measured using a portable water quality analyzer,

TDS by the weighing method, K+ and Na+ via flame atomic absorption spectrophotometry,
Ca2+ and Mg2+ by ethylenediaminetetraacetic acid titration, Cl−, SO4

2−, and F− by ion
chromatography, HCO3

− by the acid–base method, and NH3-N by neutralization titration
and sodium reagent spectrophotometry. Analysis results are presented in Table 2.

Table 2. Statistical results of groundwater hydrochemical parameters in the Binchang mining area.

Sample
Date

Na+

(mg/L)
K+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Cl−

(mg/L)
SO42−
(mg/L)

HCO3−
(mg/L)

TDS
(mg/L) pH CODMn

(mg/L)
F−

(mg/L)
NH3–N
(mg/L)

NO3−
(mg/L)

W1 284.00 3.11 42.10 21.90 128.00 476.00 230.00 1156.00 8.24 0.64 0.69 0.06 0.35
W2 306.00 2.60 20.00 69.30 131.00 288.00 232.00 960.00 8.59 0.82 0.60 0.02 0.36
W3 262.00 2.62 23.80 16.60 102.00 302.00 296.00 879.00 8.30 0.42 0.52 0.07 0.24
W4 270.00 3.02 21.40 13.30 96.70 247.00 284.00 858.00 8.25 0.45 0.76 0.09 1.59
W5 170.00 3.48 79.31 60.99 46.00 125.60 350.50 964.00 7.60 0.58 0.37 0.02 341.70
W6 177.00 2.40 52.33 9.92 93.57 160.20 330.10 680.00 7.74 1.13 0.31 0.02 15.52
W7 792.50 4.92 131.60 94.21 606.40 1467.00 189.90 3196.00 7.76 0.78 0.41 0.03 2.55
W8 50.40 1.92 63.78 23.80 8.75 48.04 382.70 399.00 7.70 0.36 0.50 0.26 6.72
W9 103.50 1.78 42.52 18.35 60.13 97.96 62.90 467.00 8.06 0.49 0.45 0.02 8.00
W10 728.00 6.90 134.10 29.75 145.90 1694.00 195.70 2843.00 7.71 0.77 1.00 0.55 2.58
Max 792.50 6.90 134.10 94.21 606.40 1694.00 382.70 3196.00 8.59 1.13 1.00 0.55 341.70
Min 50.40 1.78 20.00 9.92 8.75 48.04 62.90 399.00 7.60 0.36 0.31 0.02 0.24

Mean 314.34 3.28 61.09 35.81 141.85 490.58 255.38 1240.20 8.00 0.64 0.56 0.11 37.96
Std. 249.28 1.55 42.27 28.66 168.55 589.74 93.93 969.07 0.34 0.24 0.21 0.17 106.83
Cv 0.79 0.47 0.69 0.80 1.19 1.20 0.37 0.78 0.04 0.37 0.37 1.50 2.81

3.2. Analytical Methods

After completing the sample tests, we used SPSS19 software to calculate and correlate
the results. The Piper tri-line diagram was generated using Aquachem 3.7 software, and
groundwater quality in the study area was assessed using the Nemerow index and fuzzy
comprehensive evaluation methods, which are based on principal component analysis.

3.2.1. Nemerow Index Evaluation Method

The Nemerow index evaluation method is as follows:
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The evaluation scores of each individual index are determined according to Table 3.
The classification criteria of each index are based on the water quality criteria of “Specifica-
tion for regional groundwater contamination investigation and evaluation” (DZ/T0288-
2015) and “Standard for groundwater quality” (GB/T14848-2017) (Table 4).

Table 3. Ratings for groundwater quality classes of a single factor.

I II III IV V

Fi 0 1 3 6 10

Table 4. Groundwater quality classification standards.

Na+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Cl−

(mg/L)
SO42−
(mg/L)

TDS
(mg/L) pH CODMn

(mg/L)
F−

(mg/L)
NH3–N
(mg/L)

NO3−
(mg/L)

I ≤100 ≤100 ≤10 ≤50 ≤50 ≤300 6.5 ≤ pH ≤ 8.5 ≤1.0 ≤1.0 ≤0.02 ≤2.0
II ≤150 ≤200 ≤20 ≤150 ≤150 ≤500 6.5 ≤ pH ≤ 8.5 ≤2.0 ≤1.0 ≤0.10 ≤5.0
III ≤200 ≤400 ≤50 ≤250 ≤250 ≤1000 6.5 ≤ pH ≤ 8.5 ≤3.0 ≤1.0 ≤0.50 ≤20.0

IV ≤400 ≤800 ≤200 ≤350 ≤350 ≤2000 5.5 ≤ pH < 6.5; 8.5
< pH ≤ 9.0 ≤10.0 ≤2.0 ≤1.50 ≤30.0

V >400 >800 >200 >350 >350 >2000 pH < 5.5; pH > 9.0 >10.0 >2.0 >1.50 >30.0

The comprehensive evaluation score is calculated by the following formula [34]:

F =

√
F2

max + F
2

2

(1)

where
F =

1
n∑ Fi (2)

Fi is the evaluation score of each individual index, dimensionless; Fmax is the maximum
value of the evaluation score Fi for each individual index, dimensionless; and n is the
number of indicators [34].

The groundwater quality classification of each sample is determined according to
Table 5.

Table 5. Rating scale of groundwater quality classification.

I II III IV V

F F < 0.80 0.80 ≤ F < 2.50 2.50 ≤ F < 4.25 4.25 ≤ F < 7.20 F ≥ 7.20

3.2.2. Fuzzy Comprehensive Evaluation Method Based on Principal Component Analysis

The fuzzy comprehensive evaluation method based on principal component analysis
transforms multiple evaluation indexes into several comprehensive evaluation indexes by
the principal component analysis method and then evaluates the water quality by the fuzzy
comprehensive evaluation method.

Assuming that there are n samples and m indices for each sample, the original data
matrix X can be expressed as an n × m order matrix:

X =




x11 x12 . . . x1m
x21 x22 . . . x2m
x31 x32 . . . x3m
xn1 xn2 . . . xnm
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The correlation coefficients of each index are calculated by the following formula:

rij =

n
∑

k=1
(xki − xi)

(
xkj − xj

)

√
n
∑

k=1
(xki − xi)

2 n
∑

k=1

(
xkj − xj

)2

where xkj is the ion content of the j index of the k water sample, mg/L; xi and xj are the
measured values of the ion content of the i and j index, mg/L; and i, j = 1, 2, ..., m.

According to the value of the correlation coefficient obtained, the correlation coefficient
matrix R is obtained.

R =




r11 r12 . . . r1m
r21 r22 . . . r2m
r31 r32 . . . r3m
rn1 rn2 . . . rnm




The λ are obtained by solving the eigenvalue equation |λI− R| = 0 and arranged in
the order of λ1 > λ2 > λ3 > . . . > λm > 0. Then, the following formula is used to calculate
the cumulative variance contribution rate. Principal components were extracted according
to the criterion of cumulative variance contribution rate greater than 80%.

αi =
λi

m
∑

i=1
λi

where αi is the variance contribution rate of component i, % and λi is the eigenvalue of
component i, dimensionless.

The magnitude of principal component loads indicates their correlation with the
principal component. Principal component loads are calculated using the formulas below:

lij =
√

λieij

where eij is the eigenvector of the correlation coefficient matrix.
For each principal component, the main control factor is selected based on the load

value and used as the evaluation criterion in fuzzy comprehensive evaluation.
A fuzzy relation matrix is derived from the membership degrees of evaluation factors

to evaluation grades. If yip represents the membership degree of the first evaluation factor
to the pth evaluation grade index, the corresponding membership function is defined
as follows:

For grade I (evaluation grade p = 1), the membership function is:

yi1 =





1 xki ≤ ci1
ci2−xki
ci2−ci1

ci1<xki<ci2

0 xki ≥ ci2

For grade II to IV (evaluation grade p = 2, 3, and 4), the membership function is:

yip =





1− cip−xki
cip−cip−1

cip−1 ≤ xki ≤ cip
cip+1−xki
cip+1−cip

cip<xki<cip+1

0 cki ≥ cip+1 or xki ≤ cip−1

For grade V (evaluation grade p = 5), the membership function is:

yi5 =





0 xki ≤ ci4
1− ci5−xki

ci5−ci4
ci4<xki<ci5

1 xki ≥ ci5
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In the formulas above, xki represents the measured value of the i-th evaluation factor
in k water samples (mg/L). cip is the boundary value for the i-th evaluation factor corre-
sponding to the p-th evaluation grade (mg/L). yip denotes the degree of membership for
the i-th evaluation factor relative to the p-th evaluation grade, and it is dimensionless.

Y =




y11 y12 y13 y14 y15
y21 y22 y23 y24 y25
y31 y32 y33 y34 y35
. . . . . . . . . . . . . . .
yi1 yi2 yi3 yi4 yi5




The formula below determines the weight of each evaluation index in assessing
groundwater quality:

Wki =
xki/si

n
∑

i=1
xki/si

where si is the arithmetic average of the standard values of each grade of the I evaluation
factor, mg/L.

The weight set of each evaluation factor of K water samples can be expressed as
W = (Wk1, Wk2, . . ., Wkn). The comprehensive evaluation model is B = W • R = (b1, b2, . . ., bm),
where bm is the membership degree of each water quality grade for each sample.

4. Results and Discussion
4.1. Analysis of Chemical Characteristics of Groundwater
4.1.1. Hydrochemical Characteristics of Major Ions

Table 2 shows that the groundwater pH varies from 7.60 to 8.59, with a small coef-
ficient of variation, and the groundwater is weakly acidic as a whole. The TDS content
of groundwater is 399.00–3196.00 mg/L, which is weak–medium salinity groundwater.
Figure 3 shows that the TDS content of groundwater is higher in the eastern and northern
mining areas but lower in the Jinghe Valley area. These relationships are mainly because of
the large thickness of the loess layer and the deep burial of the aquifer in the eastern and
western part of the mining area, combined with the influence of the mudstone aquifuge at
the bottom of the overburden Huachi Formation, poor groundwater recharge conditions,
and slow groundwater circulation, resulting in a higher TDS content of groundwater. The
groundwater in the Jinghe River Basin is shallow and directly exposed on both sides of
the valley. The recharge condition of atmospheric precipitation is good, the groundwater
circulation is frequent, and the TDS content is high.

The variation coefficients of Cl− and SO4
2− concentrations are both greater than 1.0.

Analysis indicates that the larger variation in SO4
2− concentration is related to the distribu-

tion of Huachi Formation aquifers in the upper part of the Luohe Formation. The Huachi
Formation aquifer, primarily in the northern section of the mining area, ranges from 0 to
260 m in thickness and thins out in the southern part. This aquifer contains substantial
amounts of gypsum. Disturbances from coal mining weaken hydraulic exchanges between
the Huachi and Luohe Formation aquifers, facilitating SO4

2− migration to the Luohe For-
mation. In the southern mining area, especially at sampling points W6, W7, W8, and W9,
the Huachi Formation is absent, resulting in generally low SO4

2− concentrations. The high
variation coefficient of Cl− concentrations in groundwater indicates significant influence
from environmental factors, such as mining activities, coal washery operations, and other
anthropogenic activities.
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Figure 3. TDS isoline of groundwater in the Luohe Formation, Binchang mining area.

4.1.2. Chemical Types of Groundwater

Figure 4 shows that the main ions in the groundwater of the Luohe Formation are K+ +
Na+, SO4

2−, HCO3
−, and Cl−. In the deeper groundwater burial area of the Luohe Formation,

the groundwater chemical types are mainly SO4 •HCO3 • Cl–Na, SO4–Na and SO4 • Cl–Na.
In the shallower aquifer area, the groundwater chemical types are transformed into SO4 •
HCO3 • Cl–Na • Ca, HCO3 • SO4–Na • Mg and SO4 • Cl–Na • Ca • Mg. Generally, the
chemical types of groundwater in the Binchang mining area are complex.
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4.1.3. Ion Combination Ratio Analysis

The ion combination ratio serves to investigate the formation of chemical constituents in
water and their ionic origins [14]. Chloride ions (Cl−) are relatively stable in groundwater;
the ratio ρ(Na+)/ρ(Cl−) frequently helps identify the sodium (Na+) source. If Na+ originates
from salt rock dissolution, then ρ(Na+)/ρ(Cl−) equals 1. As depicted in Figure 5a, an increase
in TDS leads to ρ(Na+)/ρ(Cl−) significantly exceeding 1, suggesting multiple sources of Na+

beyond rock salt dissolution. Given that Ca2+ and Mg2+ adsorb more readily to particle
surfaces than Na+, the process of cationic alternating adsorption facilitates Na+ enrichment as
TDS increases. If the primary sources of Ca2+ and Mg2+ in groundwater are carbonates and
sulfates, then ρ(Ca2+ + Mg2+)/[ρ(SO4

2−) + 0.5ρ(HCO3
−)] equals 1. According to Figure 5b, the

value of ρ(Ca2+ + Mg2+)/[ρ(SO4
2−) + 0.5ρ(HCO3

−)] is less than 1 in most samples, suggesting
additional sources for Ca2+ and Mg2+, which confirms the validity of cationic alternating
adsorption. If the primary source of Ca2+, Mg2+, and SO4

2− is sulfate dissolution, then the ratio
ρ(Ca2+ + Mg2+)/ρ(SO4

2−) equals 1. Figure 5c demonstrates that most water samples lie on
both sides of the line ρ(Ca2+/Mg2+)/ρ(SO4

2−) = 1, suggesting that sources other than sulfate
dissolution contribute to the presence of Ca2+, Mg2+, and SO4

2− in the Luohe Formation’s
groundwater. When ρ(Ca2+/Mg2+)/ρ(SO4

2−) > 1, additional sources such as carbonate rock
dissolution contribute to the levels of Ca2+ and Mg2+. When ρ(Ca2+/Mg2+)/ρ(SO4

2−) < 1,
other sources like hydraulic exchange with the Huachi Formation aquifer increase SO4

2−

levels. If carbonate dissolution primarily sources Ca2+, Mg2+, and HCO3
-, then the ratio

ρ(Ca2+ + Mg2+)/0.5ρ(HCO3
−) equals 1. Figure 5d reveals that most water samples have

a ρ(Ca2+ + Mg2+)/0.5ρ(HCO3
−) ratio greater than 1, implying additional sources beyond

carbonate dissolution for Ca2+, Mg2+, and HCO3
−. The analysis of these ions indicates a

complex chemical environment in the Luohe Formation’s groundwater, heavily influenced by
the regional geology and mining activities in the Binchang area. The chemical composition
of water in the Luohe Formation is likely influenced by cationic adsorption, carbonate and
sulfate dissolution, and hydraulic interactions with the Huachi Formation groundwater.
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4.2. Groundwater Quality Evaluation
4.2.1. Evaluation Results of the Nemerow Index Evaluation Method

According to the different water-quality standards of different indicators and the actual
detection values of various indicators of water samples, the comprehensive evaluation
score F of water quality of each water sample was calculated. The calculation results are
shown in Table 8. Table 8 shows that there were zero water samples in Class I, three water
samples in Class II, zero water samples in Class III, three water samples in Class IV, and
four water samples in Class V. The groundwater quality of sampling points was mainly
concentrated in Class IV and V, and the groundwater quality was generally poor.

4.2.2. Results of the Fuzzy Comprehensive Evaluation Using Principal Component Analysis

Using the introduced calculation method, we computed the variance contribution
rate for each component. The calculation results are shown in Table 6. According to the
cumulative contribution rate of more than 80%, three principal components were extracted,
and the load matrix of principal components is shown in Table 7. Table 7 shows that TDS,
Na+, Ca2+, and SO4

2− had higher loads of principal component 1; F− had a higher load
of principal component 2; and pH had a higher load of principal component 3. Therefore,
the seven indicators of TDS, Na+, Ca2+, SO4

2−, Cl−, F−, and pH were selected as the main
evaluation indicators. The water quality of ten samples in the study area was assessed
using fuzzy comprehensive evaluation. This yielded the membership degrees and fuzzy
evaluation grades for each sample. Table 8 shows that there was one water sample in
Class I, two water samples in Class II, three water samples in Class III, three water samples
in Class IV, and zero water samples in Class V. The groundwater quality of sampling was
mainly concentrated in Classes III and IV.

Table 6. Computation results of the variance contribution rate of each component.

Component Characteristic Value Contribution Rate of Variance Accumulate (%)

1 5.200 47.273 47.273
2 2.289 20.813 68.086
3 1.713 15.576 83.662
4 0.924 8.401 92.063
5 0.600 5.452 97.515
6 0.210 1.907 99.422
7 0.043 0.391 99.813
8 0.019 0.176 99.989
9 0.001 0.011 100.000
10 4.050 × 10−17 3.682 × 10−16 100.000
11 −2.313 × 10−16 −2.103 × 10−15 100.000

Table 7. Principal component load matrix.

Index
Component

1 2 3

Na+ 0.964 0.080 0.203
Ca2+ 0.886 −0.131 −0.417
Mg2+ 0.564 −0.604 0.216
Cl− 0.772 −0.369 0.425

SO4
2− 0.975 0.194 0.038

TDS 0.989 0.000 0.075
pH −0.377 0.301 0.807

CODMn 0.372 −0.291 0.185
F− 0.344 0.857 0.016

NH3–N 0.479 0.702 −0.474
NO3

− −0.118 −0.570 −0.594
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Table 8. Evaluation results of groundwater quality types

Sample
Date

Nemerow Index
Evaluation Method Principal Component Analysis-Based Fuzzy Comprehensive Evaluation Method.

F Groundwater
Quality Types Subordination Degree Groundwater

Quality Types

W1 7.329 V 0.110 0.154 0.206 0.206 0.323 V
W2 4.609 IV 0.107 0.097 0.499 0.298 0.000 III
W3 4.452 IV 0.126 0.166 0.519 0.189 0.000 III
W4 4.398 IV 0.159 0.165 0.504 0.171 0.000 III
W5 7.266 V 0.210 0.360 0.430 0.000 0.000 III
W6 2.386 II 0.199 0.457 0.344 0.000 0.000 II
W7 7.794 V 0.030 0.028 0.038 0.000 0.905 V
W8 2.280 II 0.491 0.248 0.260 0.000 0.000 I
W9 2.236 II 0.448 0.510 0.042 0.000 0.000 II
W10 7.640 V 0.061 0.072 0.039 0.000 0.829 V

4.2.3. Comparative Analysis of Evaluation Results

The evaluation process of the Nemerow index method is relatively simple. According
to the evaluation results, only three groundwater samples of potable groundwater of grade I
to III are found, accounting for 30% of the total water samples. Although this method clearly
indicates the over-standard status of pollution indicators, this method overemphasizes
the maximum pollution factors, often leading to a higher overall pollution degree of the
evaluation results because of the over-limit of one index, ignoring the overall contribution
of each pollutant to groundwater pollution. Consequently, this method cannot objectively
describe the continuity of environmental quality.

The fuzzy comprehensive evaluation method can show the objectively existing fuzzi-
ness and uncertainty in groundwater environmental quality, but the evaluation method is
more cumbersome. By principal component analysis, the author deletes some variables that
are closely related and establishes as few variables as possible that can reflect the overall
water quality information, reducing the complexity of the evaluation process. Through the
fuzzy comprehensive evaluation model of principal component screening, the information
provided by all principal component data is fully utilized, and its contribution to the overall
groundwater quality is considered. To some extent, this method can weaken the control
effect of one index exceeding the limit on the whole evaluation result. According to the
evaluation results, seven groundwater samples of potable groundwater samples of grade I
to III are found, accounting for 70% of the water samples.

According to the location of sampling points and the analysis of evaluation results,
the water samples of type V water quality are mainly distributed north of the Gaojiabao
coal mine, west of the Tingnan coal mine, and south of the Xiaozhuang coal mine. The
analysis indicates that all three coal mines are large-scale, each with a production capacity
of 5.00 Mt/a and high mining intensity. Field investigations reveal that all three water
samples originate near the mining face. Strong disturbances to the Luohe Formation’s
aquifer due to extensive pre-mining water exploration and drainage projects have led to
sequential contamination of the aquifers. Other water samples are located in the Jinghe
Wetland Reserve, Water Source Reserve, or far away from the current mining activity area.
The disturbance caused by human factors such as mining activities to groundwater is
relatively small, and all of them meet the potable water standards of grade III and above.

5. Conclusions

(1) The Cretaceous Luohe Formation aquifer is abundant in water with excellent quality.
It is a crucial water source for industry, agriculture, and drinking water for residents in the
mining area and its surroundings. Horizontally, the Luohe Formation’s thickness generally
decreases from northwest to southeast. Vertically, it shows distinct segmentation due to
alternating sedimentation of meandering and braided river phases.
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(2) Among the groundwater chemical indicators, the pH value is relatively stable and
typically weakly acidic. The content levels of SO4

2− and Cl− vary significantly across
different locations. The groundwater chemical type transitions from SO4 • HCO3 • Cl–Na,
SO4–Na, and SO4 • Cl–Na types in the northern mining area to SO4 • HCO3 • Cl–Na • Ca,
HCO3 • SO4–Na •Mg, and SO4 • Cl–Na • Ca •Mg types in the south. The groundwater
hydrochemical composition is influenced by multiple factors, including cation adsorp-
tion, carbonate and sulfate dissolution, and hydraulic exchange with the upper Huachi
Formation groundwater.

(3) Significant differences exist in the groundwater quality evaluation results obtained
by the Nemerow index and the fuzzy comprehensive evaluation method based on principal
component analysis. The latter method provides more reasonable and reliable results. In
the study area, 70% of groundwater samples meet Class III water standards or higher. Poor
groundwater quality areas are mainly found to the north of Gaojiabao coal mine, the west
of Tingnan coal mine, and the south of Xiaozhuang coal mine, where coal mining intensity
is relatively high.
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Abstract: The hydrogeochemical research of groundwater in the Bieletan area, China’s largest potash
producing zone, used a variety of methods, including multivariate analysis, saturation index, and
hydrogeochemical modeling. Water samples were collected and analyzed for physicochemical
parameters, along with soluble ions from soil cores. The results showed that total dissolved solids
(TDS) of groundwater exceeded 300 g/L, with the main hydrochemical characteristics being Cl-Mg
type and Cl-Na type. Groundwater is recharged by lake water and canal water, with evaporation
being the main factor affecting water chemistry. Hydrogeochemical modeling analyzed the processes
occurring from these two different recharge sources: mineral precipitation mainly occurred with lake
water recharge, while mineral dissolution mainly occurred with canal water recharge. Regarding
potash dissolution, canal water and lake water recharge resulted in 8.860 mmol/L of polyhalite
dissolution and 0.278 mmol/L of carnallite dissolution, respectively. This study highlights the
complex hydrogeochemical processes controlling groundwater in the potash-rich Bieletan area,
providing insights for water resource management and potash mining.

Keywords: hydrochemical characteristics; geochemical modeling; Qarhan Salt Lake; PHREEQC

1. Introduction

Potash is considered a strategic resource because potassium is an essential nutrient for
plants, as well as for animals and humans [1–3]. Potash resources are abundant worldwide,
but both resources and production are primarily concentrated in a few countries such as
Canada [4], Russia [5], and Belarus [6]. Due to limited land availability, China’s agricultural
production heavily relies on fertilizers, especially potash, to increase crop yields [7,8].
Most potash mines around the world use traditional underground mining methods to
extract solid potash [9,10]. Solution mining is another method that involves extracting
potash-bearing solutions from groundwater. The extracted saturated potash solution is
then transferred to evaporation ponds, where the salt and potash are concentrated through
evaporation. This method of potash extraction is used in countries such as Chile [11,12],
the United States [13], and China [14].

Qarhan Salt Lake is the largest salt lake in China. The Bieletan area, situated in the
western part of Qarhan Salt Lake, is the largest potash production region in Qarhan Salt
Lake and China. The potash-bearing layers in the Bieletan area are thin and lenticular, with
multiple sedimentary strata that are generally thin and discontinuous. Therefore, solution
mining is used to extract potash from these layers. Understanding the hydrogeochemical
processes occurring during groundwater flow is crucial for the development and utilization
of potash [15]. Xiao et al. used isotopic and numerical simulation methods to study the
origin of groundwater in the Qarhan Salt Lake area, finding that the contribution of modern
groundwater to the salt lake area is minimal [16]. Li et al. used PHREEQC to study the
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factors affecting the dissolution of solid potash minerals in the Qarhan Salt Lake area [17].
However, previous studies have primarily concentrated on the groundwater origin and
potash development in the study area, paying less attention to the hydrogeochemical
processes of groundwater during potash extraction. Understanding these processes is
crucial for comprehending the hydrogeochemical mechanisms of groundwater.

A suite of hydrogeochemical techniques, including multivariate statistics, saturation
indices, and hydrogeochemical modeling, is extensively employed to investigate ground-
water sources, influencing factors, and hydrogeochemical processes [18–22]. De Caritat et al.
used multivariate statistical analysis and saturation indices to study the factors influencing
groundwater chemistry in the arid regions of Saudi Arabia [23]. El Alfy et al. investigated
the groundwater sources in the Lake Woods region of Australia using saturation indices
and hydrogeochemical modeling, concluding that the weathering of potassium silicates in
the main aquifer is the source of potassium enrichment [24]. Parisi et al. investigated the
spatiotemporal distribution of groundwater chemistry in the arid and semi-arid regions of
southern Italy using multivariate statistical analysis and hydrogeochemical methods [25].
These studies demonstrate that the combination of these methods can effectively analyze
hydrogeochemical processes in groundwater.

This study combines multivariate statistics, saturation indices, and hydrogeochem-
ical modeling methods to analyze the hydrogeochemical processes of groundwater in
the Bieletan area by examining soluble salts in soil and groundwater chemical indicators.
The objectives of this study are to (1) examine the hydrogeochemical characteristics of
groundwater in the Bieletan area; (2) analyze the key influencing factors of groundwater;
and (3) investigate the primary hydrogeochemical processes occurring during groundwa-
ter recharge.

2. Study Area
2.1. Location and Climate

The Qaidam Basin is a large, closed basin located in the northwest of China. Sur-
rounded by mountains exceeding 4000 m in height, the basin’s core plain has an average
elevation of around 2800 m. This central plain is covered by dry salt flats and numerous
shallow saline lakes (Figure 1). It contains roughly 27 salt lakes [26]. Eight rivers converge
in the Qarhan Salt Lake area, which includes four major lakes from west to east: Senie Lake,
Dabuxun Lake, South Huobuxun Lake, and North Huobuxun Lake [27]. These lakes are all
terminal lakes. The Bieletan area, where Senie Lake is located, serves as the primary pro-
duction area for potassium and lithium salts in the Qarhan Salt Lake area. The Bieletan area,
covering approximately 950 km2, extends between east longitudes 94◦00′00′′–94◦55′00′′

and north latitudes 36◦45′00′′–37◦18′00′′. Situated at elevations ranging from 2678 to
2681 m, it features relatively flat terrain.

The mountain ranges in the southwest of the Qaidam Basin block warm and wet air
currents from the Indian Ocean, creating a climate dominated by cold air masses from
Siberia, characterized as a dry continental climate. The Bieletan area has a dry environment
with low relative humidity, low moisture content, strong atmospheric transparency, long
daylight hours, intense solar radiation, relatively high temperatures, and a short frost-free
season. The Bieletan area has an average annual temperature of 5.3 ◦C, with 24.1 mm of
precipitation and 3500 mm of evaporation. The average relative humidity is 26%, and the
average wind speed is 4.3 m/s, primarily from the northwest and southwest directions.
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Figure 1. Location of the study area, and water sampling sites.

2.2. Geological and Hydrogeological Settings

The Qaidam Basin, situated within a complex network of compressive structures in
the northeastern Qinghai-Tibet Plateau, represents the largest topographic depression on
the plateau [28]. This geological environment has fostered the formation of extensive halite
deposits intertwined with clastic sediment [29]. The Bieletan region, entirely covered in
quaternary sediments, has sediment thicknesses of up to 2700 m. The upper portion has
salt-bearing strata up to 70 m thick, mostly formed of clastic, halite, and potash layers
(Figure 2). The postal layer is predominantly located in the uppermost layers. Shallow
groundwater is primarily found in the upper quaternary porous sediments, which are also
the focus of this study. Senie Lake and artificial water replenishment canals are the main
sources of groundwater recharge. Groundwater primarily flows from the surrounding
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areas toward the central area, with evaporation and human extraction serving as the main
discharge processes. Extracted groundwater is transported through brine transportation
canals to salt farms beyond the study area. It is evident that there are two groundwater
depression funnels in the research region, associated with groundwater extraction.

Figure 2. Geological model and groundwater depth of the study area.

3. Material and Methods
3.1. Sampling Collection

This study collected 26 groundwater samples in September 2023. Additionally, 2 re-
plenishment canal samples and 1 Senie Lake water sample were collected to investigate
their impact on groundwater recharge. The water quality data included measurements of
pH, concentrations of specific cations (K+, Na+, Ca2+, Mg2+), anions (SO4

2−, Cl−, CO3
2−,

HCO3
−), TDS, Li+, and water density. In October 2023, a total of 21 soluble salt samples

were collected from three boreholes (GW6, GW16, GW19). Each borehole yielded 7 soluble
salt samples from depths of 0.5 m, 1 m, 2 m, 3 m, 5 m, 7 m, and 10 m below the surface,
respectively. Dissolved ions in these samples were detected by analyzing the filtrate, which
was filtered after the soil sample was mixed with no-CO2 water by a ratio of 1 (soil) to 5
(water) and vibrated for 3 min. The detection of all samples included measurements of
pH, concentrations of specific cations (K+, Na+, Ca2+, Mg2+), anions (SO4

2−, Cl−, CO3
2−,

HCO3
−), and Li+. All samples were analyzed by the Xi’an Center of the China Geologi-

cal Survey. The concentrations of K+, Na+, Ca2+, Mg2+, and Li+ were analyzed using an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (PerkinElmer Inc.,
Shelton, WA, USA). SO4

2− was also measured using ICP-OES. Cl− was determined by
silver nitrate titration, while CO3

2− and HCO3
− were analyzed using titration methods.

TDS were measured by drying and weighing. To ensure the validity and accuracy of the
data, duplicate analyses were performed for each sample, with the replicates showing an
error within ±5%. The accuracy and precision of the analyses were verified by analyzing
certified reference materials (CRMs) under the same conditions, thereby guaranteeing the
reliability of the data. Additionally, blank samples were included in the analysis to monitor
and control potential contamination during sample handling and processing. The ion
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charge balance error percentage (%CBE) is used to calculate the ion balance error of water
samples. The ion charge balance error percentage is calculated according to Formula (1):

%CEB =
(|TC− TA|)
(TC− TA)

× 100% (1)

where TC and TA represent the total concentrations of cations and anions, respectively. The
units for both cations and anions are milliequivalents per liter (meq/L). The ion balance
error for all water samples was less than 1.69%, and the ion balance error for soluble salts
was less than 9.65%. An ion balance error of less than 10% is considered to provide reliable
chemical analysis results for hydrogeochemical investigations [30].

3.2. Saturation Index

The Saturation Index (SI) is crucial for evaluating the equilibrium and reactivity
between minerals and groundwater [31]. The SI of minerals in water was calculated
according to the following Formula (2):

SI = log(
IAP
Ksp

) (2)

where, IAP is the ion activity product of the dissolving mineral, and Ksp is the solubility
product constant of the mineral. PHREEQC 3.7.3 was used to calculate the SI of possible
mineral phases [32]. A positive SI indicates supersaturation (precipitation potential), a
negative SI indicates undersaturation (dissolution potential), and an SI of zero indicates
equilibrium.

3.3. Hydrogeochemical Modeling

Geochemical simulation is an essential tool for studying the evolution of water chem-
istry, and inverse modeling is one of the key modeling methods for hydrogeochemical
research [33,34]. In this study, PHREEQC is employed for geochemical simulation. Deter-
mining the initial and final solutions along the groundwater flow path is a necessary step
in modeling. Inverse modeling calculates the moles of minerals dissolved in or precipitated
from the solution based on mass balance rules to explain the compositional differences
between the initial and final endpoint solutions [35]. The mass balance of the conceptual
models can be expressed as the following Formula (3):

n

∑
j=1

aijxj = bi (3)

where aij represents the stoichiometric coefficient of element i in mineral j, xj denotes the
molar quantity of minerals or gases that have either dissolved, precipitated, or degassed,
and bi signifies the change in concentration of element i in the final water solution relative
to the initial water solution.

4. Results
4.1. Characteristics of Major Indices

The statistical summary of chemical analysis results for groundwater (GW), replenish-
ment canal water samples (SW), and lake water (LW) is presented in Table 1. The pH values
of GW range from 7.76 to 8.71, with an average of 8.41. The average pH for SW is 8.85, and
for LW it is 8.75. Therefore, all water bodies in the study area exhibit weak alkalinity. The
average concentrations of K+, Na+, and Ga2+ in GW are 9.98 g/L, 47.95 g/L, and 0.73 g/L,
respectively, whereas in SW they are 0.72 g/L, 5.62 g/L, and 0.11 g/L, respectively. For LW,
the concentrations of K+, Na+, and Ga2+ are 2.52 g/L, 4.70 g/L, and 0.05 g/L, respectively.
This suggests that the average concentrations of K+, Na+, and Ga2+ are higher in GW com-
pared to SW and LW. The average concentrations of Mg2+ and CO3

2− in GW are 47.94 g/L
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and 0.08 g/L, respectively, while in SW they are 52.02 g/L and 0.37 g/L, and in LW they
are 106.56 g/L and 0.78 g/L, respectively. This indicates that the average concentrations of
Mg2+ and CO3

2− in GW are lower compared to SW and LW. The average concentrations
of SO4

2−, Cl−, and total dissolved solids (TDS) in GW are 11.89 g/L, 213.24 g/L, and
332.03 g/L, respectively, while in SW they are 8.62 g/L, 152.27 g/L, and 219.73 g/L, and
in LW they are 16.61 g/L, 297.79 g/L, and 428.46 g/L, respectively. The average concen-
trations of SO4

2−, Cl−, and TDS are higher in GW compared to SW but lower compared
to LW. The coefficient of variability (CV) represents the ratio of the standard deviation
(SD) to the mean, with a higher CV indicating greater variability. The CV values for the
chemical components of GW range from 1% to 149%, with Ca2+ and HCO3

− having CV
values greater than 100% and Cl−, pH, TDS, and density having CV values less than 10%.

Table 1. Statistical analysis of hydrogeochemical parameters of water samples (in g/L except pH and
density in g/cm3).

Type ID pH K+ Na+ Ca2+ Mg2+ SO42− Cl− TDS CO32− HCO3− Li+ Density

GW GW1 8.49 4.05 60.02 0 37.81 6.24 200.54 309.96 0.15 0.18 0.09 1.21
GW2 8.23 32.81 66.24 1.87 28.39 3.13 214.80 347.67 0 0.32 0.11 1.23
GW3 6.76 1.85 106.12 1.62 8.32 3.43 190.74 312.23 0 0.48 0.02 1.20
GW4 8.56 20.97 31.23 0.44 58.08 6.74 229.06 347.22 0.09 0.70 0.17 1.24
GW5 8.61 6.79 62.04 0.66 37.12 6.84 203.21 317.09 0.04 0.54 0.09 1.22
GW6 8.65 5.61 56.52 0.54 39.42 8.28 202.32 313.16 0.05 0.52 0.10 1.22
GW7 8.49 15.30 20.50 0.31 69.06 7.06 237.97 350.73 0.05 0.52 0.11 1.24
GW8 8.57 6.70 40.53 0.34 53.01 10.65 213.02 324.77 0.04 0.77 0.09 1.23
GW9 8.67 1.27 26.38 0.29 66.03 9.47 224.60 328.76 0.13 0.82 0.12 1.23
GW10 8.52 15.80 19.78 0.40 68.82 5.94 238.87 350.54 0.05 0.78 0.27 1.25
GW11 8.55 12.01 25.62 0.28 64.00 10.33 228.17 341.97 0 1.63 0.51 1.24
GW12 8.63 8.39 42.20 0.16 51.48 19.85 206.78 329.87 0.08 0.90 0.22 1.23
GW13 8.61 9.78 20.78 0.18 67.81 12.04 229.06 341.37 0.06 1.31 0.48 1.24
GW14 8.30 9.47 64.11 0.17 37.09 33.19 191.05 335.32 0 0.10 0.25 1.23
GW15 8.42 9.62 60.86 0.19 39.81 33.05 194.64 338.44 0.08 0.02 0.26 1.23
GW16 8.44 7.78 52.24 0.59 39.50 10.48 195.09 305.91 0 0 0.21 1.21
GW17 8.40 6.77 64.82 0.39 34.48 16.61 195.54 318.83 0.07 0 0.21 1.22
GW18 8.47 11.48 34.67 0.37 57.01 10.77 218.86 333.31 0.19 0 0.14 1.23
GW19 8.52 6.69 21.71 0.35 70.09 9.43 234.11 342.53 0.21 0.06 0.14 1.24
GW20 8.61 6.62 10.82 0.13 84.04 12.27 254.74 368.80 0.32 0.09 0.18 1.26
GW21 8.42 2.40 101.94 0.83 12.86 5.95 193.30 317.32 0.01 0 0.02 1.21
GW22 7.85 4.55 78.08 1.31 25.79 5.04 197.78 312.65 0 0.06 0.07 1.21
GW23 8.54 12.02 74.89 0.17 33.69 41.30 188.36 350.75 0.16 0 0.32 1.24
GW24 8.56 11.59 40.64 0.28 51.59 14.04 209.89 328.22 0.21 0 0.18 1.23
GW25 8.71 12.34 36.60 0.63 52.47 6.69 216.64 325.96 0.11 0.18 0.05 1.23
GW26 8.17 14.01 27.29 5.58 58.56 0.47 232.63 339.45 0 0.52 0.31 1.23
Min 6.76 1.27 10.82 0 8.32 0.47 188.36 305.91 0 0 0.02 1.20
Max 8.71 32.81 106.12 5.58 84.04 41.30 254.74 368.80 0.32 1.63 0.51 1.26

Mean 8.41 9.87 47.95 0.70 47.94 11.89 213.14 332.03 0.08 0.40 0.18 1.23
SD 0.38 6.58 25.21 1.09 18.58 9.84 18.31 15.88 0.08 0.44 0.12 0.01

CV(%) 5 67 53 149 39 83 9 5 97 109 68 1

SW SW1 8.88 0.54 3.63 0.06 47.25 7.55 137.26 196.89 0.28 0.01 0.11 1.15
SW2 8.81 0.90 7.62 0.17 56.78 9.70 167.28 242.58 0.47 0.09 0.12 1.18
mean 8.85 0.72 5.62 0.11 52.02 8.62 152.27 219.73 0.37 0.05 0.11 1.16

LW LW 8.75 2.52 4.70 0.05 106.5 16.61 297.79 428.46 0.78 0.11 0.22 1.31

The statistical results of core soluble salts are presented in Table 2, showing the average
contents of K+, Na+, Ca2+, and Mg2+ in borehole cores to be 3.31, 150.01, 5.40, and 8.10 g/kg,
respectively. The average contents of SO4

2−, Cl−, CO3
2−, and HCO3

− are 10.32, 302.70,
0.08, and 0.15 g/kg, respectively. The average content of Li+ is 0.13 g/kg. The pH average
of core leachates is 8.28, ranging from 8.03 to 8.53, indicating alkaline properties across the
cores, which is one of the reasons for the alkalinity of groundwater in the study area. Na+
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and Cl− have the largest amounts in soluble salts. K+ and Li+ have the largest coefficients
of variation, indicating an unequal distribution throughout the strata.

Table 2. Statistical analysis of physiochemical parameters of soluble ions (in g/kg except pH).

Indices
Soluble Ions

Min Max Mean SD CV (%)

pH 8.03 8.53 8.28 0.16 1.93
K+ 0.36 16.62 3.31 3.72 112.19

Na+ 2.53 313.40 150.01 117.47 78.31
Ca2+ 0.37 11.81 5.40 3.20 59.25
Mg2+ 0.40 20.59 8.10 6.27 77.46
SO4

2− 1.96 26.80 10.32 5.74 55.57
Cl− 31.40 570.00 302.70 198.48 65.57

CO3
2− 0.00 0.28 0.08 0.06 77.95

HCO3
− 0.05 0.32 0.15 0.09 59.78

Li+ 0.00 0.42 0.13 0.14 110.67

4.2. Correlation Analysis

Correlation analysis is a valuable tool in groundwater chemistry studies for identify-
ing relationships between different chemical parameters, understanding the underlying
geochemical processes [36]. The findings of a Spearman correlation study performed to
evaluate the possible link between various ions of the soluble salts are shown in Table 3.
The analysis examined the correlation coefficients among 21 sets of 10 ions. The substantial
correlation coefficients between Na+ and Cl−, Ca2+ and SO4

2−, Mg2+ and CO3
2−, Mg2+

and HCO3
−, with values of 0.99, 0.78, 0.79, and 0.86, respectively, indicate widespread

distribution of rock salt minerals, gypsum, and dolomite in the region. Negative correlation
coefficients between K+, Mg2+, CO3

2−, HCO3
−, and Na+, Cl− suggest that the formation

of rock salt in the area inhibits the formation of other minerals.

Table 3. Correlation matrix of the main ions in soluble salt.

K+ Na+ Ca2+ Mg2+ Cl− SO4
2− CO3

2− HCO3
− Li+ pH

K+ 1 −0.42 0.04 0.82 ** −0.4 0.45 * 0.4 0.62 ** 0.59 ** 0.12
Na+ 1 0.58 ** −0.76 ** 0.99 ** 0.19 −0.82 ** −0.87 ** −0.89 ** −0.71 **
Ca2+ 1 −0.22 0.61 ** 0.78 ** −0.47 * −0.35 −0.57 ** −0.47 *
Mg2+ 1 −0.73 ** 0.19 0.79 ** 0.86 ** 0.87 ** 0.57 **
Cl− 1 0.21 −0.79 ** −0.85 ** −0.88 ** −0.71 **

SO4
2− 1 −0.15 0.01 −0.11 −0.2

CO3
2− 1 0.80 ** 0.85 ** 0.73 **

HCO3− 1 0.81 ** 0.63 **
Li+ 1 0.71 **
pH 1

Note: ** indicates a significant correlation at the 0.01 level; * indicates a significant correlation at the 0.05.

Table 4 analyzes the correlation coefficients of major ions in groundwater. TDS show a
positive correlation with most indicators, notably significant positive correlations with K+,
Mg2+, Cl−, and Li+. Conversely, TDS exhibit a significant negative correlation with Na+

and Ca2+. The negative correlations of Na+ and Ca2+ with other indicators suggest that they
are subjected to inhibition by other ions. Specifically, the correlation coefficients between
Na+ and Mg2+, and between Na+ and Cl−, are highest at −0.98 and −0.91, respectively.
This indicates that the dissolution of Na+ is most strongly inhibited by Mg2+ and Cl−. The
highest correlation coefficient between Ca2+ and SO4

2− is −0.87, suggesting that Ca2+ is
most strongly inhibited by SO4

2−. Additionally, Mg2+ and Cl− demonstrate a high degree
of correlation, suggesting they share a common source, likely due to the dissolution of
halite and magnesium chloride. The correlation coefficients of Mg2+, CO3

− and HCO3
−
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with pH are 0.48, 0.53 and 0.44, respectively, indicating a positive correlation, whereas those
of Na+ and Ca2+ with pH are −0.49 and −0.44, indicating a negative correlation.

Table 4. Correlation matrix of GW.

K+ Na+ Ca2+ Mg2+ Cl− SO4
2− CO3

2− HCO3
− Li+ TDS pH

K+ 1 −0.32 −0.07 0.28 0.38 −0.01 0.01 0.16 0.48 * 0.63 ** −0.01

Na+ 1 0.38 −0.98
**

−0.91
** −0.06 −0.44 * −0.47 * −0.37 −0.55

** −0.49 *

Ca2+ 1 −0.42 * −0.12 −0.87
**

−0.52
** −0.08 −0.55

** −0.48 * −0.44 *

Mg2+ 1 0.89 ** 0.11 0.48 * 0.43 * 0.37 0.57 ** 0.48 *
Cl− 1 −0.21 0.33 0.49 ** 0.19 0.59 ** 0.37

SO4
2− 1 0.44 * −0.22 0.51 ** 0.19 0.28

CO3
2− 1 −0.13 0.18 0.35 0.53 **

HCO3
− 1 0.13 0.21 0.44 *

Li+ 1 0.54 ** 0.02
TDS 1 0.11
pH 1

Note: ** indicates a significant correlation at the 0.01 level; * indicates a significant correlation at the 0.05.

4.3. Saturation Index (SI)

The SI is crucial for studying groundwater chemistry processes, serving as a key
parameter used to assess the equilibrium state between groundwater and minerals [37,38].
As illustrated in Figure 3, the distribution of saturation indices in the water samples from
the survey area reveals that all minerals in the LW and SW water samples have SI values
less than 0, indicating undersaturation. In most water samples from the GW body, the
saturation indices of dolomite minerals are greater than 0, indicating saturation, while
calcite and halite in the GW body are distributed near the SI = 0 line, indicating equilibrium.
The saturation indices of the remaining minerals, polyhalite, bischofite, carnallite, and
sylvite, are less than 0, indicating an undersaturated state. During the replenishment of
GW by SW water, the saturation indices of most minerals increase, suggesting mineral
dissolution in the aquifer. Similarly, during the replenishment of GW by LW water, the
saturation indices of polyhalite, calcite, and dolomite significantly increase, indicating
mineral dissolution during water transport. Conversely, the saturation indices of bischofite
and carnallite minerals decrease, suggesting mineral precipitation during water transport.

Figure 3. Relationship between Mineral Saturation Index and Total Dissolved Solids (TDS), with red
arrows indicating the evolution direction of the mineral saturation index.
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4.4. Hydrochemical Processes: Inverse Modeling

Reverse hydrogeochemical modeling employs mass balance models to determine the
amount of mineral dissolution or precipitation occurring between two different points in
groundwater flow processes [39]. In this study, PHREEQC is utilized for reverse water-rock
interaction modeling, quantitatively representing water–rock interactions and validating
hydrogeochemical processes occurring during groundwater recharge based on the ground-
water flow field, in order to study the hydrogeochemical processes occurring along the
groundwater recharge routes from lake water and canal water. The reaction simulation
paths selected were LW to GW24 and SW1 to GW13, as illustrated in Figure 4. Figure 4a,b
show schematic diagrams of groundwater flow patterns between points LW and GW24,
and points SW1 and GW13, respectively. Figure 4c,d compare the hydrochemical charac-
teristics between points LW and GW24, and points SW1 and GW13, displaying variations
in major indices. From LW to GW24, it can be observed that the concentrations of Na+,
K+, and Ca2+ increase, while the values of the other indices decrease. From SW1 to GW13,
the concentration of CO3

2− decreases, while the other indices increase. This indicates
significant differences in the hydrochemical processes occurring along the paths from LW
to GW24 and from SW1 to GW13.

Figure 4. Schematic diagram of groundwater flow patterns between points (a) LW and GW24, and
(b) SW1 and GW13, black arrows represent groundwater flowlines. Comparison of hydrochemical
characteristics between points (c) LW and GW24, and (d) SW1 and GW13 (values in g/L except pH
and density in g/cm3).
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The transfer of mineral components in groundwater along the flow paths is reported
in Table 5. For LW to GW24, along the flow path, cation exchange leads to the entry of
18.72 mmol/L of Ca2+ into groundwater and 37.45 mmol/L of Na+ out of groundwater. The
primary water–rock interactions causing changes in groundwater chemistry include the pre-
cipitation of bischofite, carnallite, and gypsum, with precipitation rates of 15.980 mmol/L,
17.860 mmol/L, and 36.490 mmol/L, respectively. Additionally, polyhalite and halite
dissolve, with dissolution rates of 8.860 mmol/L and 38.100 mmol/L, respectively.

Table 5. Mineral phase transfer for different pathways calculated by PHREEQC.

Phase
ρ/(mmol/L)

Chemical Formula LW-GW SW-GW

CaX2 CaX2 18.720 2.671
NaX NaX −37.450 −5.342

Bischofite MgCl2·6H2O −15.980 /
Calcite CaCO3 / −5.626

Carnallite KMgCl3·6H2O −17.860 0.278
Dolomite CaMg(CO3)2 / 2.820
Polyhalite K2MgCa2(SO4)4·2H2O 8.860 /
Gypsum CaSO4·2H2O −36.490 −0.017

Halite NaCl 38.100 6.346
Note: positive value indicates that the mineral phase has dissolved into groundwater, whereas negative values
indicate that mineral phases may precipitate out of groundwater.

For SW1 to GW13, along the flow path, cation exchange results in 2.671 mmol/L of
Ca2+ entering groundwater and 5.342 mmol/L of Na+ leaving groundwater. The main
water–rock interactions causing changes in groundwater chemistry are the precipitation
of calcite and gypsum, with precipitation rates of 5.626 mmol/L and 0.017 mmol/L, re-
spectively. Additionally, carnallite, dolomite, and halite dissolve, with dissolution rates of
0.278 mmol/L, 2.820 mmol/L, and 6.346 mmol/L, respectively.

5. Discussion
5.1. Hydrogeochemistry

The Piper diagram is frequently utilized for analyzing the hydrochemical types of
groundwater. As shown in Figure 5, the anions of GW water are primarily distributed in
Zones C (Magnesium type) and D (Sodium type), while cations are mainly distributed
in Zone G (Chloride type). Therefore, the hydrochemical types of GW are identified as
Cl-Mg type and Cl-Na type. SW and LW exhibit anion distributions in Zone C (Magnesium
type) and cation distributions in Zone G (Chloride type), indicating that the hydrochemical
types of SW and LW are Cl-Mg type. All water bodies belong to the low-Ca high-Cl type,
with the lowest Na+ + K+ content and the highest Mg2+ content in SW and LW waters,
suggesting that during the migration process from SW and LW to GW, the concentration of
Na+ + K+ gradually increases while the concentration of Mg2+ decreases. The concentration
of Cl− is highest in all water bodies, indicating that Cl− is the dominant anion during water
migration, and its variation is relatively small.
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Figure 5. Piper diagram of water samples.

5.2. Water–Rock Interaction

The Gibbs diagram is a widely used tool for understanding the natural formation
mechanisms of water bodies [40,41]. According to the Gibbs diagram, there are three
primary mechanisms: Evaporation Dominance, Rock Dominance, and Precipitation Domi-
nance. As shown in Figure 6, all the water sample points are clustered in the upper right
corner, indicating that the formation mechanism of all the water samples is predominantly
influenced by evaporation.

Figure 6. Gibbs diagram of water samples.

To further analyze the factors influencing the formation of water chemistry, scatter
plots depicting the relationships between various components were created as shown
in Figure 7. Figure 7a,b illustrate the relationships between Cl− vs. Na+ and Cl− vs.
Mg2+, respectively. It can be observed that Na+ is negatively correlated with Cl−. As
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the Cl− concentration increases in the GW water bodies, the Na+ concentration decreases
exponentially, with all water samples falling below the 1:1 line. This indicates that the
excess Cl− may originate from the dissolution of minerals such as carnallite and bischofite.
The Na+ concentrations in LW and SW are lower compared to those in GW, suggesting
that as LW and SW recharge the groundwater, the Na+ concentration rises, indicating the
dissolution of halite. Mg2+ shows a positive correlation with Cl−, with its concentration
increasing as Cl− concentration rises. This is attributed to the dissolution of carnallite
and bischofite. Figure 7c shows the relationship between Ca2+ and SO4

2−. In GW, Ca2+ is
negatively correlated with SO4

2−, with most water samples lying below the 1:1 line. This
suggests that the dissolution of gypsum is not the source of Ca2+ and SO4

2− in the study
area. Additionally, there is evidence of Ca2+ depletion and SO4

2− enrichment, indicating
that the dissolution of polyhalite affects the sources of Ca2+ and SO4

2−.

Figure 7. Scatter diagrams of (a) Cl− vs. Na+, (b) Cl− vs. Mg2+, (c) Ca2+ vs. SO4
2−, and (d) (Ca2+ +

Mg2+) vs. (HCO3
− + SO4

2−) in water samples.

Figure 7d displays the relationship between (Ca2+ + Mg2+) and (HCO3
− + SO4

2−). All
water samples are located above the 1:1 line, indicating that the contributions of calcite,
dolomite, and gypsum dissolution to the concentrations of (Ca2+ + Mg2+) in groundwater
are minimal. Instead, the dissolution of other minerals, such as polyhalite, increases the
concentrations of Ca2+ and Mg2+.

5.3. Cation Exchange Interaction

Cation exchange is another crucial mechanism that governs water chemistry [42].
Chloro-alkaline indices (CAI-I and CAI-II) serve as valuable tools for evaluating the direc-
tion of alternating cation adsorption processes. These indices are calculated as follows:

CAI− I =
Cl− −

(
Na+ + K+

)

Cl−
(4)
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CAI− II =
Cl− −

(
Na+ + K+

)

HCO3
− + SO4

2− + CO3
2− + NO3

− (5)

If both are negative values, it indicates cation exchange as shown in Equation (6)
occurring in the groundwater system. Conversely, if both are positive values, it indicates
reverse cation exchange as shown in Equation (7).

Na2X + Ca2+ → 2Na++CaX2 (6)

2Na++CaX2 → Ca2++Na2X (7)

As shown in Figure 8a, all sampling points in the study area lie in the first quadrant,
indicating cation exchange as described in Equation (7), where adsorbed Ca2+ is replaced
by Na+. This process leads to an increase in Ca2+ concentration and a decrease in Na+

concentration in groundwater. There is an outlier in the Figure 8a with a very high CAI-
II value, indicating strong cation exchange at this point, which has led to a significant
decrease in Na+. It is hypothesized that this point may have been more strongly influenced
by confined groundwater recharge. Additionally, the relationship between [(Ca2+ + Mg2+)
− (HCO3

− + SO4
2−)] vs. [Na+ + K+ − Cl−] and is commonly used to study cation exchange.

[(Ca2+ + Mg2+)− (HCO3
− + SO4

2−)] represents the increase or decrease in Ca2+ and Mg2+ in
the water body, excluding dissolution of gypsum, calcite, and dolomite. [Na+ + K+ − Cl−]
represents the increase or decrease in Na+, excluding the dissolution of halite. If cation
exchange is the primary process controlling groundwater mineralization, their relationship
should be linear, and the slope should be close to−1. As shown in Figure 8b, there is a good
linear relationship between [(Ca2+ + Mg2+) − (HCO3

− + SO4
2−)] vs. [Na+ + K+ − Cl−] in

the study area, with a linear regression slope of−1.019, which is very close to the theoretical
value of −1.0. This indicates the involvement of Na+, Ca2+, and Mg2+ in cation exchange
in groundwater.

Figure 8. Plots of (a) CAI-II versus CAI-I and (b) (Ca2+ + Mg2+) − (HCO3
− + SO4

2−) versus Na+ +
K+ − Cl−.

5.4. Hydrogeochemical Processes

Chloro-alkaline indices and reverse hydrogeochemical modeling show that cation
exchange has a greater impact on groundwater chemistry during groundwater recharge
from lake water than from canal water, with the cation exchange process being stronger in
the former. Carnallite precipitates along the flow path of groundwater recharge from lake
water, whereas it dissolves along the flow path of groundwater recharge from canal water.
Gypsum precipitates along both lake water and canal water flow paths for groundwater
recharge, but the precipitation rate is faster in lake water recharge. During the processes of
groundwater recharge from both lake water and canal water, halite experiences varying
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degrees of dissolution, with a faster dissolution rate in lake water, possibly due to the cation
exchange processes occurring along the flow paths.

6. Conclusions

This paper investigates groundwater, surface water, and soluble salts in the Biele-
tan region. Utilizing multivariate techniques, saturation indices, and hydrogeochemical
modeling, the study identifies the hydrochemical characteristics of groundwater, the main
influencing factors on groundwater, and the hydrogeochemical processes occurring dur-
ing different recharge processes in the Bieletan area. The following key conclusions are
summarized:

1. Groundwater (GW) cation concentrations are ranked as Na+ > Mg2+ > K+ > Ga2+,
while in the case of lake water (LW) and stream water (SW), cation concentrations are
Mg2+ > Na+ > K+ > Ga2+. The anion concentrations in GW are ranked as Cl− > SO4

2−

> HCO3
− > CO3

2−, whereas in LW and SW, the order is Cl− > SO4
2− > CO3

2− >
HCO3

−. The mean total dissolved solids (TDS) values for GW and SW are 332.03 g/L
and 219.73 g/L, respectively, while for LW, it is 428.46 g/L. The hydrochemical types of
GW are classified as Cl-Mg type and Cl-Na type, whereas LW and SW are categorized
as Cl-Mg type.

2. Evaporation is the primary mechanism governing the formation of GW, LW, and
SW. Cation exchange and mineral precipitation/dissolution are identified as the
primary factors influencing water chemistry. Minerals in LW and SW are generally
undersaturated, while in GW, apart from dolomite, calcite, and halite, which are
saturated or near-saturated, other minerals remain undersaturated.

3. GW receives recharge from two distinct sources, LW and SW. These two different water
bodies undergo distinct hydrogeochemical processes during groundwater recharge.
The rates of cation exchange and mineral dissolution are faster in LW, where mineral
precipitation predominantly occurs, whereas mineral dissolution is more prevalent
in SW.
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Abstract: South Africa is the home of major global mining operations, and the acid mine drainage
(AMD) contribution has been attributed to abandoned mine sites and huge pyrite-bearing tailings
from coal and gold mines. Determining the true economic impact and environmental liability of
AMD remains difficult. Researchers have been looking into several treatment technologies over
the years as a way to reduce its possible environmental impact. Different methods for active and
passive remediation have been developed to treat AMD. The aim of this review was to describe the
AMD-impacted environments and critically discuss the properties of AMD and current prediction
and preventative methods and technologies available to treat AMD. Furthermore, this study critically
analysed case studies in South Africa, gaps in AMD research, and the limitations and prospects
offered by AMD. The study outlined future technological interventions aimed at a pattern shift
in decreasing sludge volumes and operational costs while effectively improving the treatment of
AMD. The various treatment technologies have beneficial results, but they also have related technical
problems. To reduce the formation of AMD, it is recommended that more preventive methods be
investigated. Moreover, there is a current need for integrated AMD treatment technologies that
result in a well-rounded overall approach towards sustainability in AMD treatment. As a result,
a sustainable AMD treatment strategy has been made possible due to water reuse and recovery
valuable resources such sulphuric acid, rare earth elements, and metals. The cost of AMD treatment
can be decreased with the use of recovered water and resources, which is essential for developing a
sustainable AMD treatment process. More study is required in the future to improve the effectiveness
of the various strategies used, with a focus on reducing the formation of secondary pollutants and
recovery of valuable resources.

Keywords: acid mine drainage; sustainable remediation technologies; prevention and prediction;
resource recovery

1. Introduction

Acid mine drainage (AMD) is a persistent pollutant as a result of current and past
mining activities, which is currently one of the critical environmental challenges in South
Africa and globally. AMD presents a challenge for operational and deserted mines, in
shafts below ground, open holes, waste rock mounds, and powder tailings [1–4]. AMD is
more serious in deserted and inactive mines, where there is no pumping occurring and the
water table recoils, in contrast to active mines where the water table levels are kept to a
minimum through the use of pumps [5–7]. Besides the environmental impacts, AMD also
impacts sustainability, which includes environmental, community, and financial concerns.
AMD has an effect on the removal of resources, which has an effect on economic activity,
infrastructure, and people’s livelihoods. This has a substantial effect on the guidelines of
developing countries for climate change and their efforts to switch to becoming ‘green’
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economies. New sustainable technologies, efficient management plans, and AMD treat-
ment procedures are currently required. In South Africa, AMD, mainly from gold mine
tailings dams/slime dams, is one of the most serious environmental and socio-economic
challenges [8,9]. Acidity is formed when pyrite, in the gold-bearing ores, is oxidised and
encounters atmospheric oxygen. This oxidation goes through several steps, as follows:

4FeS2 + 15O2 + 14H2O→ 4Fe(OH)3 + 8H2SO4 (1)

On the left side of the above equation, pyrite is ferrous sulphide and the right has
ferric oxide and sulphate. Thus, both the iron and sulphur components of pyrite have been
oxidised. Acid mine drainage develops when water permeates through the zone of oxidised
pyrites forming sulphuric acid, which drains out into the surrounding environment [8,10].

AMD causes significant environmental problems that are both locally and globally
intractable in the near future. It takes development of effective, innovative, and affordable
approaches for addressing and overcoming these issues. Mining for minerals, such as
gold, copper, and nickel, has been linked to AMD issues, which could have long-term
consequences for streams and biodiversity. Some metal mining effluents contain high
levels of poisonous cyanides and heavy metals, which have major human health and
environmental consequences [3,11,12]. To remediate AMD, many wastewater treatment
technologies have been used, including neutralization [13], selective precipitation [14], use
of membranes [15], exchange of ions [16], and the removal of sulphate biologically [17]. The
challenge, however, is that the constituents of AMD, while hazardous, may be collected and
turned into valuable materials that can be commercialized. Sulphuric acid, for example, has
a major demand in the chemical and metallurgical industries [18,19]. While the need for
critical minerals and erratic metals in the ground is probably set to increase going forward,
there is a desire to create innovative results that blend ground earth metal reclamation with
AMD remediation [20,21]. The financial advantages could then be utilized to offset the
entire expense of AMD treatment.

To that purpose, the most recent research on AMD development, prevention, and treat-
ment is summarized and critically reviewed. The central focus of this article is to evaluate
studies on the prevention, prediction, impact of AMD on the water quality, management, and
prospective reclamation of beneficial by-products from mine drainage. The specific objectives
are to (1) briefly present the past impacts and possible future effects of AMD on the water
condition in South Africa, (2) discuss the developments on the prediction and prevention of
AMD, and (3) review of the main large-scale AMD treatment processes applied locally for
AMD elimination and simultaneous recovery of the valuable by-products.

2. Past Impact of AMD on the Condition of Water in South Africa

Mining has been the backbone of the South African economy for many years. Coal and
gold mining are the major sources of AMD as sulphide-bearing materials are concentrated in
geological environments containing coal and gold ore deposits [22]. Gold mining pollution
is associated mainly with the release of harmful elements from tailings and other types
of mining waste [23]. The infiltration of water through sulphide-containing tailings piles
and ponds, surface and underground workings, waste, and development rocks leads to the
leaching of large volumes of metals like zinc, nickel, lead, copper, and sulphate ions into
streams and river ecosystems [24]. This results in acid mine drainage (AMD) with severe
detrimental effects on the receiving water bodies. Heavy metal pollution and acid mine
drainage is a very important environmental concern where waste materials containing
metal-rich sulphides from mining activity have been stored or abandoned. Tailings and rock
dumps are associated with surface impacts which greatly affect surface and ground water
quality. The underground impacts are caused by the influx of water into the underground
workings and the subsequent dewatering of the aquifer [25].

To maintain safe mining conditions, over 120 mines would have to pump out the water
that had been collected in them. However, as the mines became derelict, drainage of the
mine voids became less frequent, and the voids started filling up with water which resulted
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in AMD [26]. AMD can contaminate shallow aquifers, and if the underground mine water
reaches the near surface, it starts to decant and flows down to wetlands, streams, and
rivers. Since these rivers are used as a water source for agriculture, recreation, and drinking
purposes, AMD potentially affects the quality of this water. The two main types of mining
occurring in South Africa contribute significantly to the generation of AMD, as listed below
in Table 1. The resultant water bodies affected by this AMD pollution are also shown in
Table 1 together with the affected areas.

The Western, Central, and Eastern Basins have been highlighted since they have been
affected the most by AMD. The mining shafts started decanting in 2002, polluting the
Tweelopiespruit that drains into the Krugersdorp Game Reserve [27]. There are aban-
doned mines which are not operational which have become sources of AMD and water
ingress into the shafts. AMD decants through three old mine shafts [28]. The volume
being decanted was noted at an average of 20 ML/d, and up to 60 ML/d during the wet
season. Approximately 12 ML/d is treated partially, and the remainder flows into the
Tweelopiespruit. About 27 ML/d of AMD needs to be treated in this basin to maintain the
water below the environmental critical level (ECL). The long-term effects of decanting into
this stream result in the pollution of the Hartbeespoort Dam, the Crocodile River, and the
transboundary Limpopo River [29].

Table 1. Types of mining in South Africa that predominantly contribute to AMD pollution and their
areas of impact.

Provinces Key Areas Water Resources Impacted References

Gold Northwest, Gauteng,
Mpumalanga, Limpopo

Within Gauteng: Witwatersrand gold
spans the Central and Eastern Basins

Within the Witwatersrand Eastern
Basin: Brakpan, Springs, Nigel
Klerksdorp Kloof, Driefontein,

Western Deep Levels

Tweelopiespruit, Hartbeespoort
Dam, Crocodile River, Limpopo

River, Vaal River, Klip River,
Blesbokspruit, Barrage, Vaal

Dam

[30–32]

Coal Witbank, Delmas, Secunda Boesmanspruit, Blesbokspruit,
Vaal River [33–35]

Since the quarrying of mines began, dumps containing the wasteful end-products
from gold mining have become a common sight around mining towns and have been
releasing contaminated water for decades. Tailings dumps flourish in the upper catchments
of springs at the Blesbokspruit and Klip Rivers, where this pollution is predominant [36].
The Witwatersrand gold mines have shut down over several years, and water began to fill
in the voids as the pumping of the mines had stopped. This accumulated water travelled
into neighbouring mines since all the mines are connected. This process forced these
neighbouring mines to take on the responsibility of pumping. A subsidy was initiated
by the government to help the mines cover the costs involved in pumping the additional
high volumes of water which filled up and requires treatment to an acceptable quality.
This treatment involves the use of lime to increase the pH levels and the pumping of
oxygen into the water to trigger the iron to oxidize and precipitate along with several
other heavy metals. The precipitated iron will settle out, separate, and be discarded in
dumps of tailings and the remainder of the water is diverted into local rivers. However,
these discharges increased the number of pollutants previously transported via the rivers
through the mining towns.

The salt levels present in the Vaal River indicate the effects of long-winded and point
source pollutants stemming from the gold mines in the Central and Western Basins, which
has increased to greater than twice the amount between the Barrage and Vaal Dams. This is
due to the incoming water from the Klip and the Blesbokspruit Rivers (via the Sukerbos
River) [37]. The water composition is not good at the Barrage which makes it necessary to
periodically let go off water from the Vaal Dam to decrease the salt content for the users
downriver of the Vaal. During the rainy season this is not a problem, but during a drought,
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this could pose a challenge, when the water upriver of the Vaal system, which is mainly for
Gauteng, must be discharged for the aim of dilution [38]. The void began to fill once the
last Goldfield mine shut down and stopped pumping water. Decantation of the Western
Basin began in 2002. When draining of the Central Basin ceased in 2008, the water levels
continued to rise at a rate of 12 m per month. Pumping at the Eastern Basin started to
slow down in late 2010, and eventually stopped at the beginning of 2011. The decanted
water emanating from the void is of very bad quality, as is noted from the water draining
from the Western basin. The level of sulphate is typically approximately 3500 mg/L, with
a pH range of 2–3. There are also elevated iron and other heavy metal concentrations
present in the water. Oxidation occurs when the iron is exposed to air which leaves a bright
orange stream of precipitate on the banks and beds of rivers. It is expected that the basins
in Boksburg (Central) and Nigel (Eastern), where the bottommost shafts are located, will
decant in approximately three years if there are no interventions put into place [39].

These points of decantation are created on the assumption that the water is sponta-
neously flowing via the cavities and that mine quarries are the only gaps to these voids.
However, this may not be true. For example, in the Western Basin, it was found that water
was draining from a borehole on a farm, and thereafter from a longstanding mine quarry
which may have or may not have been linked up to the central void. Many decant points
can arise if the flow rate through the void is not enough to allow for the inflow.

3. Possible Future Impacts of AMD on the State of Water in South Africa

The Olifants River catchment is in a state of deterioration [40]. There was an idea
to connect a plant to treat the high number of pollutants in Brugspruit which is close to
Witbank, but the idea had limited efficacy [40]. The main purpose was to address the pH
challenge and it did not impact the salt concentrations in the water. A plant to treat water
was commissioned in the area (eMalahleni Water Reclamation Plant) which operates by
reverse osmosis [41]. This plant showed the potential to treat highly polluted water to an
acceptable standard for drinking purposes. The setback is that this water costs more than
(approximately triple) the water that is distributed to this area from the Vaal River by the
local water agency [42]. This plant, although beneficial in producing drinking water for the
public, has a limitation of not being beneficial for the complete improvement of rivers that
are polluted in the area [28]. The state of the water of the Olifants River will remain in a
state of deterioration in the future [43]. This is due to the massive quantities of coal that
are found in the Olifants Catchment, which are not mined [44], thereby leading to a rise in
pollutants in the future.

Coal mining was occurring for a vast number of years in the upper catchment of the
Vaal River [45]. These mines are mostly deep and are still actively operated and overseen.
Nevertheless, it was found that there is a high inflow of applications for permits for new
mines in that catchment. Funds were set aside by the government in the past to tackle
the issue of decanting from the gold mines in Witwatersrand, which will involve draining
as well as the straightforward operational treatment being reinitiated (lime being added
and iron being removed) in the goldfields which are presently affected [46]. This will aid
in stopping the unrestrained draining of the basins (Western, Central, and Eastern) [47].
However, as much as this intervention will vastly help to improve the Western Basin, it will
not affect the state of the water of the Vaal River. Instead, it will take the system back to its
original state at a time when the mines were still being pumped and treated and water was
drained from the mine cavities.

Several different technologies have been developed for desalination of contaminated
water from local mines. Only one of these has been commercialised and is being imple-
mented, reverse osmosis treatment technology (used at Witbank), which has shown that
although this type of reverse osmosis treatment may help overcome the challenges, it is
not feasible [42]. It is possible that although most of the suggested treatment methods are
appropriate for remedying water with contaminants at the point source (e.g., pumped from
old mines), it is unlikely that polluted water from diffuse sources such as waste dumps,
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could be treated as well [48]. For gold mines, the water accumulated in the cavity can most
often be accessed and treated as a point source. Coal mining is more composite however,
and it may not be possible to avoid uninhibited draining of AMD from restored opencut
mines [49]. Thus, the state of water in these regions should be anticipated to decline.

Since the treatment techniques used for prevention do not need to be continuous
(for maintenance as well), they are more viable than conventional treatment techniques.
However, most preventative treatments, such passivation and microencapsulation, are still
under experimentation and focus on pure pyrite systems [50] The results were encouraging
for microencapsulation techniques; however, this is restricted to batch, single-metal systems.
Therefore, it is unclear if they may be used for waste rocks and mine tailings that contain a
variety of minerals such silicates and aluminosilicates in complex environmental conditions.
This suggests that continuous tests should be conducted to determine the efficacy of various
microencapsulation techniques using real or synthetic tailings, including waste rocks high
in pyrite [51]. It is important to thoroughly examine the long-term stability of treated
waste rocks and tailings under environmental conditions, such as drying–wetting cycles.
Utilizing or recycling mine waste for use in building and geopolymer materials is another
choice to consider while attempting to limit the generation of AMD. Finding value in and
managing mine waste has become incredibly important [52].

4. AMD Prevention

The complexity of the treatment system that is required to guarantee that effluent
standards will be satisfied depends on a number of variables [53]. These include the
chemical properties of the AMD, the volume of water that needs to be treated, the local
climate, the topography, the properties of the sludge, and the anticipated lifespan of the
plant [53]. Various treatment techniques have been developed and can be categorised as
either ‘abiotic’ or ‘biotic’, the former of which does not rely on biological activities while
the latter does [5].

Passive treatments involve the passage of mine water through a controlled environ-
ment, rather than a receiving water body, where naturally occurring geochemical and
biological reactions take place and improve the mine water quality [10,54,55]. Examples
of passive abiotic treatment include anoxic limestone drains, open limestone channels,
limestone leach beds, slag leach beds, diversion wells, limestone sand, and oxidation chan-
nels [12]. These materials all generate alkalinity which help to neutralise the AMD and
raise the pH, while at the same time oxidising and precipitating out metals. Passive biotic
treatments, on the other hand, include wetlands and bioreactors where natural biological
processes work, either in aerobic or anaerobic conditions, to neutralise the AMD and precip-
itate the hazardous concentrations of contaminants (e.g., metals) over time [12,56]. In line
with this, Ramla and Sheridan [57] proved the efficacy of utilizing indigenous South African
grass as a suitable organic substrate for sulphate-reducing bacteria to reduce sulphate to
sulphides during the passive biotic treatment of AMD. In this experiment, Hyparrhenia
hirta grass supplemented with soil containing microbes produced the best outcomes.

Both passive biotic and abiotic AMD treatments require relatively little resource input,
tend to be more useful for AMD flows of less than 2 to 5 ML/d with low acidity, e.g.,
<800 mg/L as CaCO3, and which require little metal and sulphate removal [54,58,59].
However, in comparison to active treatments, passive treatments need larger areas of land
and additional time to neutralise AMD and precipitate the contaminants. Thus, passive
options are more applicable when AMD treatment needs to be accomplished at closed mine
sites with low AMD flows as they are a potentially lower-cost, longer-term sustainable
option. An example of one that has been studied in some detail is the passive system
set up to treat AMD mine seepage from a long-abandoned mine near the town of Red
Oak in eastern Oklahoma [56]. The benefits of passive systems are their self-sufficiency,
infrequent maintenance requirements, and extremely low operating and capital expenses.
However, the quality of the resultant effluent is poorer than that produced by active
treatment systems [54].
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Unlike passive treatments which depend mostly on naturally occurring reactions,
active AMD treatment is performed in a constructed plant where processes are controlled
and sustained via the continuous input of resources [60]. It involves the utilisation of
alkaline substances to increase the pH of the drainage and precipitate heavy and toxic
metals from the AMD [55]. In line with this, the operating and capital costs of sustaining
effective and efficient functioning of the plant can be high as it requires a continuous supply
of chemicals, electrical and mechanical power sources, and the employment of operations
and maintenance staff [60]. Therefore, active AMD treatment is more suited for application
at operational mine sites where the necessary resources are more readily available [61].
Additionally, the kind of neutralizing agent utilized affects the effectiveness, cost, and
potential environmental effects of using an active treatment system [62]. The selection
of the neutralizing agent is based on the chemical composition of the AMD, site-specific
conditions, and expected outcomes with the understanding that some level of cost and
benefit trade-off will be required. For instance, sodium hydroxide is more effective in AMD
treatment than lime but is approximately 1.5 times more expensive and must be handled in
line with specific health and safety requirements due to its hazardous nature [62]. Likewise,
anhydrous ammonia requires safe handling and if excessively used can spur nitrification
or denitrification in receiving water bodies [62]. In some cases, the split treatment of AMD
may yield the most desirable results, e.g., using lime and limestone [63].

The benefits of active AMD treatment, however, can be considered as great advantages
over passive treatment techniques [64]. These include that active treatment can be applied
to all AMD flow rates, it is fast and effective, it produces good quality effluent with a
potential for cost recovery via the sale of the resulting water, metals, and by-products and
involves a lower cost in the handling and disposal of generated sludge [10,60,62,65]

Traditional abiotic active treatment of AMD is characterised by the use of alkaline
chemicals to neutralise acids, deactivate metals, and precipitate salts [66,67]. Calcium-,
sodium-, ammonium-, or magnesium-based chemicals that have been, and are, used to
neutralise AMD include calcium carbonate (limestone, CaCO3), calcium hydroxide (slaked
lime, Ca(OH)2), calcium oxide (lime or quick/burnt lime, CaO), sodium hydroxide (caustic
soda, NaOH), sodium carbonate (soda ash, Na2CO3), ammonium hydroxide (NH4OH),
and magnesium hydroxide (Mg(OH)2) [68]. Using calcium hydroxide, calcium oxide, or
calcium carbonate can result in large amounts of sludge that retain water as calcium will
bond with sulphates and then precipitate out of solution, together with the metals (usually
as hydroxides), at higher pH levels [69]. Recycling this sludge is difficult, leaving disposal
to landfill or sludge dams as the main option for handling this waste [69]. Furthermore,
some metal hydroxides are amphoteric, which presents the probability for dissolution of
potentially harmful chemicals from the sludge both during and after disposal [70]. Thus, the
sludge disposed at landfill sites or sludge dams would need to be properly managed and
regularly monitored to ensure that no long-term negative environmental impacts occur [69].
In addition, landfills and sludge dams can occupy large areas of land, especially when
considerable amounts of sludge are produced and disposed of [69]. Neutralising chemicals
such as magnesium hydroxide, ammonium hydroxide, and sodium hydroxide have proven
to be comparatively more useful as they tend to precipitate metals (e.g., as hydroxides)
while leaving the sulphate in solution. This sulphate can subsequently be treated to produce
gypsum, which may be valuable in other economic and industrial sectors.

An area of rising importance in the active abiotic treatment of AMD is the use of waste
by-products to treat other wastes. An example of this is the use of calcium-containing
waste such as dust from cement and lime kilns to neutralise AMD and precipitate metals.
Another example is the use of coal combustion by-products to partially treat AMD. Coal-
based by-products generally are very good adsorbents because they have a high surface
area, microporous structure, and high surface reactivity [71]. However, these by-products
seem to be best at removing trace concentrations of more toxic metals such as radioactive
thorium, uranium, radium, and lead. Kaur et al. [67] also describes the use of an alkaline
waste material from the alumina refining industry as a possible alternative neutralising
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material. The costs to obtain and use one waste to treat another is often much lower, making
AMD neutralisation and other treatment processes (e.g., metal extraction) potentially much
cheaper. However, the feasibility of these types of options will vary depending on the type,
availability, and location of the various wastes as well as the properties of the AMD. In
addition, it must be noted that calcium-based neutralisation chemicals tend to produce
considerable quantities of waste sludge which would still need to be dealt with if cement
waste or lime kiln dust is used. Other examples of good absorbents that have shown
potential to treat AMD include bauxite and naturally occurring bentonite clay. Bentonite
(primarily aluminium phyllosilicate) has been used to neutralise AMD and remove metals.
However, the suitability of these type of adsorbents needs to be investigated on a large,
long-term scale to prove that they can work as well as the current technologies whilst also
being more sustainable and cost-effective.

Active biotic AMD treatment involves the use of off-line sulfidogenic bioreactors
where the hydrogen sulphide produced by sulphate-reducing bacteria (SRB) is used both to
add alkalinity to neutralise the acidic waste streams and to precipitate metals as insoluble
sulphide precipitates, which may then be recovered and reprocessed [5,72]. Table 2 below
summarizes the various technologies used in the treatment of AMD.

Table 2. List of the AMD treatment methods [12,66].

Active/Passive Biotic/Abiotic Treatment Methods Advantages

Passive

Abiotic

• Anoxic limestone drains
• Open limestone channels
• Limestone leach beds
• Slag leach beds
• Diversion wells
• Limestone sand
• Oxidation channels

• Self-sustaining.
• Needs sporadic maintenance.
• Very low operating and capital costs.

Biotic
• Wetlands
• Bioreactors

• Applicable at closed mine sites with
low AMD flows with potentially
lower costs and longer-term
sustainability.

Active

Abiotic

• Use of alkaline chemicals such as
calcium, sodium, calcium hydroxide
(slaked lime), calcium carbonate
(limestone), calcium oxide (lime or
quick/burnt lime), sodium carbonate
(soda ash), sodium hydroxide (caustic
soda), magnesium hydroxide, and
ammonium hydroxide

• Waste by-products can be used to
treat other wastes.

• Can be applied to all AMD flow rates.
• Fast and effective.
• Produces good quality effluent.
• Cost recovery via the sale of resulting

water, metals, and by-products.
• Has a lower cost in the handling and

disposal of generated sludge.
• Suitable for operational mine sites

where the necessary resources are
readily available.

Biotic • Off-line sulfidogenic bioreactors

• Can be applied to all AMD flow rates.
• Fast and effective.
• Produces good quality effluent.
• Potential for cost recovery via the sale

of resulting water, metals, and
by-products.

• Lower cost in handling and disposal
of generated sludge.

5. AMD Impact

High quantities of dissolved metals and acid constitute AMD, which is extremely
harmful to groundwater, streams, and rivers. AMD also damages ecosystems, corrodes
infrastructure, and poses a number of environmental challenges for aquatic life. This often
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results in contaminated water supplies to areas where freshwater is not easily accessi-
ble [73].

For AMD pollutants to affect humans, they need to be exposed and several AMD
pollutants are dangerous to humans [74]. According to Orlović-Leko et al. [75], heavy
metals have an adverse effect on both people and the environment, and they can linger for
a very long time in natural ecosystems where they build up at higher and higher levels of
the food chain. This will lead to acute and chronic diseases where metabolic functioning is
disrupted by accumulation of heavy metals in vital organs and glands [65].

The water from AMD inflicts terrible damage since it starts out clear and quickly
turns brilliant orange when iron oxides and hydroxides precipitate due to the high acidity
levels. By becoming embedded on the river, stream, or ocean bed, this fine precipitate,
known as ochre, cements substrates that serve as a food supply for benthic creatures, which
eventually go extinct [74], affecting the higher levels of the food chain. Because of these
indirect effects, AMD still has an effect on people and wildlife further downstream even if
the acidity and heavy metals are reduced.

Heavy metals also contaminate soil which poses serious environmental issues where
plant growth is affected by oxidative stress [8]. According to Li et al. [76], this causes cellular
damage and disturbs homeostasis, which affects the physiology and morphology of plants.
Calcium and magnesium are unavailable to plants as well as nitrogen, phosphorus, and
potassium when the pH of the soil is low. At a low pH, soil particles also release aluminium,
iron, and manganese, enhancing their toxicity. Furthermore, low soil pH affects how well
plants use nutrients, establish roots, and tolerate drought by reducing the activity of soil
organisms that break down organic materials. According to Jiao et al. [9], heavy metals are
accumulated by aquatic creatures like fish both directly from tainted water and indirectly
through the food chain. Since they are highly persistent and poisonous at trace levels,
cadmium, copper, lead, and zinc have the potential to cause severe oxidative stress in
aquatic organisms [77]. While chronic exposure can cause mortality or stunted growth,
limited reproduction, malformations, or lesions, acute exposure to them can directly kill
organisms. As a result, aquatic organisms’ typical physiological processes—including ion
exchange with the water and respiration—are influenced by the pH of the water.

6. Current Treatment Technologies and Resource Recovery

Many studies and investigations have been conducted by academics to treat AMD.
The following treatment techniques are frequently applied: neutralization [78], precipi-
tation [79], and sedimentation [80]; nevertheless, additional techniques such anaerobic
bioreactors [81], sorption [82], coagulation [83], flocculation [84], and crystallization [85]
may also be employed. Although these effluents are typically treated, these techniques may
not be sufficient to treat the effluent characteristics to fulfil standards for discharge and/or
reuse; high levels of chemical product consumption can produce significant amounts of
sludge polluted with metal [9]. The membrane separation process has emerged in the
treatment of AMD with an ability to have salts and metals retained from aqueous media
using membrane separation methods, particularly reverse osmosis (RO), membrane dis-
tillation (MD), forward osmosis (FO), and nanofiltration (NF). The NF process is a third
option between RO and UF that can retain multivalent ions and dissolved compounds with
molar masses between 200 and 1000 g/mol [86]. Numerous studies have demonstrated the
effectiveness of NF as a secondary or tertiary treatment system [87,88]. This is due to its low
consumption of power, high efficiency, and ease of operation. Meanwhile, RO technology
has been reported as a promising AMD option for producing high-quality water while
minimizing the discharge.

For example, Andalaf et al. [89] developed an AMD treatment process to treat and
predict the behaviour of AMD; an NF pilot-scale system with two different membranes
(NF270 and NF90, France) was used. All ions were rejected with a high rejection rate (100%);
however, fouling was found at a water recovery rate of 75%. Wadekar et al. [90] compared
ceramic and polymeric nanofiltration membranes in the treatment of abandoned coal mine
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drainage. The AMD was sampled from a site in Pennsylvania and was treated with NF
(ceramic and polymeric NF270 membranes, pressure: 35 bar) which was pretreated with
aeration and microfiltration. Over 96% of multivalent ions were rejected by NF270. Approx-
imately 55 to 67% of ceramic membrane rejections resulted from its use. Membrane fouling
occurred with a water recovery rate of 75%. Masindi et al. [91] looked into recovering drink-
ing water from acid mine drainage from a South African coal mine, and they found that a
reverse osmosis device can successfully prepare the water. The drinking water produced
by this procedure had a pH of about 6.5 and a metal removal rate of about 100%, which
met the SANS 241 criteria for drinking water quality. With the use of forward osmosis,
acid mine drainage can be concentrated in a way that promotes the growth of enrichment
sludges and the subsequent selective metal precipitation. León-Venegas et al. [92] studies
the potential for water and metal recovery from acid mine drainage from the Iberian Pyrite
Belt, Southwestern Spain, by combining hybrid membrane processes with selective metal
precipitation. Forward osmosis, reverse osmosis, and osmotically assisted reverse osmosis
mixed with selective metal precipitation was used to treat AMD, obtaining high water
recovery and an enriched metal sludge. They reported that two steps of FO using draw
solutions based on sodium chloride could recover about 80% of the water from AMD.
Moreover, selective metal precipitation can be used to produce sludges rich in Fe, Al, Cu,
Zn, and Mn from AMD. Asif et al. [93] showed the efficacy of a direct contact (DC)-MD
system for the treatment of AMD. They found that the DCMD achieved 100% removal of
AMD and produced high-quality effluent. However, the permeate flux was reduced by
76% due to membrane fouling induced by membrane scaling, and this flux reduction was
based on the metal content as well as the presence of bulk organics in the feed water.

This section reviews some examples of South African AMD treatment projects that are
either commercially developed and in operation, in the pilot stage, or under evaluation.
The alkali–barium–calcium (ABC) method, developed by the Council for Scientific and
Industrial Research (CSIR) in South Africa, consists of three phases. The first stage is the ad-
dition of lime and calcium sulphide to remove metals and acids. The second stage involves
treating most of the remaining water with barium carbonate to remove the remaining sul-
phate as barium sulphate. The barium sulphate and some sludge wastes are reduced in a
coal-fired kiln to recover some of the alkaline compounds used for neutralisation as well as
barium and calcium, some of which can be recycled back into the treatment process [94–96].
This method is a potentially cost-effective treatment for AMD because of the potential reuse
opportunities from recycling [97]. However, it still produces a significant amount of waste
sludge that must be disposed of. In addition, this process also involves high capital and
operating costs, especially with running a coal-fired kiln.

A possible modification/improvement to the above is the Tshwane University of
Technology’s magnesium–barium–alkali (MBA) treatment process [98]. This process uses
barium hydroxide for two purposes, that is, to precipitate and remove sulphate as barium
sulphate and to precipitate and remove magnesium as magnesium hydroxide.

The CSIR recently developed and patented a sustainable AMD treatment technology
called Magnesite–Softeners–Reverse-Osmosis–Eutectic (MASRO) Freeze Crystallisation
that uses magnesite slurry to neutralise the AMD and precipitate metal hydroxides [99].
The advantage of using magnesite is that most of the gypsum, which usually forms a
large portion of AMD sludge if it is first treated with a calcium compound like lime as a
neutralising agent, does not precipitate with the metal hydroxide sludge. This allows for
the possibility of easily concentrating and treating the metal hydroxide sludge to remove
more of the valuable metals. Following this step, a lime slurry is added to the AMD, and
this precipitates a gypsum sludge (70% gypsum) containing brucite (i.e., Mg(OH)2). Next,
the AMD is treated with a soda ash slurry to recover any residual calcium (65% as calcium
carbonate) and magnesium and finally, the remaining water is treated using RO to improve
its quality so it can be fit for human consumption. Masindi et al. [100] published results of
a pilot plant of the MASROE process which was designed and built to treat 20 kL of AMD
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per day. They also calculated that the direct field costs to treat the AMD by this process
was ZAR 65.60/kL.

However, if the by-products such as metal hydroxides could be treated to produce
iron pigment, gypsum, and lime which could be purified to be sellable, then Masindi
et al. [100] calculated that the sale of these products could perhaps yield an overall saving
of approximately ZAR 9.00/kL (it is also noted that the possible sale of treated water did
not appear to be accounted for and this may further increase these potential savings). Thus,
presuming the above, the direct field costs could possibly be reduced to approximately ZAR
56.60/kL (i.e., a ±14% cost saving). However, it must be noted that AMD transportation
costs were deemed negligible as it was assumed that the plant would be close to the AMD
source. The treatment costs were also calculated presuming that the plant would operate
for most of the year (i.e., 95% of the time, 24 h/day) and that electrical power and cleaning
water were the only required utilities. The treatment costs also excluded any operational
labour. In addition, the study did not account for any costs of processing the sludges to
prepare iron pigments, gypsum, or calcium carbonate of marketable quality. Therefore, it is
possible that the costs not accounted for could lead to less of a cost saving than predicted.
Until further research is conducted, these additional costs might potentially increase the
overall treatment costs to greater than ZAR 65.60/kL. However, one of the key findings
from this research was the fact that setting up a process to effectively claim by-products
for potential resale is possible if the process is planned and correctly constructed. And,
the removal and resale of valuable components of the sludge such as metals, that would
otherwise be potentially toxic if left in the sludge, leads to better environmental protection
and potentially has less requirements for newly mined resources.

The SAVMIN process, developed by Mintek, involves five stages of AMD treatment.
Firstly, lime is added to precipitate metals [101,102]. Secondly, using gypsum seed, all the
remaining gypsum is removed. Thirdly, aluminium hydroxide is added to the remaining
AMD water, and this produces ettringite (a calcium–aluminium sulphate mineral) which
removes any remaining dissolved calcium and sulphate. Fourthly, the ettringite is removed
and remixed with sulphuric acid which causes decomposition into aluminium hydroxide
(which is recycled back into the process) and gypsum (some of which is recycled back into
the process). Finally, in the fifth stage, the remaining water from stage four is treated with
carbon dioxide to lower the pH and remove calcite by precipitation. The advantages of
the SAVMIN process include high-quality by-products such as metal hydroxides, gypsum,
and calcite which can potentially be resold to enhance the economic feasibility of this
treatment [17,101]. However, again, it too produces significant amounts of waste sludge
that would need to be disposed of.

A process developed in the United States of America is the slurry precipitation and
recycling reverse osmosis (SPARRO) process. SPARRO uses membrane desalination to treat
AMD and produce water at variable recoveries depending on, for instance, its chemical
properties. Membrane fouling is and remains a challenge with this process and thus
developing membranes to improve their performance may increase the economic feasibility
of SPARRO to treat AMD [72].

Another process developed in South Africa is gypsum–continuous ion exchange (GYP-
CIX). It is a continuous fluidised bed ion exchange process designed to remove calcium and
sulphate from gypsum-saturated waters such as AMD [103]. During the first stage of the
GYP-CIX process, cations can be removed from the AMD by cation exchange resins. After
cation removal, anions are then removed by anion exchange resins. When required, the
anion exchange resin is regenerated by lime while the cation exchange resin is regenerated
by sulphuric acid. The advantages of this process include calcium and sulphate precipitates
of relatively high quality that have the potential to be reused [104]. The use of inexpensive
chemicals and efficient water recoveries are further benefits. However, as would seem to
be customary, a significant amount of sludge is generated during the renewal of the ion
exchange resins, and this typically necessitates an expensive disposal method.
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THIOPAQ is a biotechnological approach to AMD treatment [105,106]. It involves two
stages, the first being the addition of hydrogen gas to the AMD to produce sulphide from
sulphate which precipitates out metal sulphides. Any excess hydrogen sulphide produced
is oxidised to elemental sulphur in the second stage using sulphide-oxidising bacteria. The
hydrogen gas used in the first stage of the THIOPAQ process is generated using ethanol
and butanol. Recently, however, these chemicals have become quite expensive which has
reduced the attractiveness of this approach.

The Rhodes BioSURE process, developed at Rhodes University in South Africa, is a
biological treatment used to remove acid from AMD using waste such as sewage sludge or
organic wastes [107–109]. While using these wastes will make treatment cheaper, they are
also a potentially limiting reagent if a sufficient stock of them is not available. However,
the advantages are re-use of sewage sludge or organic waste which would result in lower
landfill loads and costs. Interestingly, this process was used by the East Rand Water Care
Company in Grootvlei [72].

High-pressure reverse osmosis (HiPRO) was developed by Nafasi Water, then known
as Aveng Water, in South Africa and applied at the eMalahleni treatment plant. The recovery
of water was generally very good while brine and solid waste were also produced [110]. By-
products from the solid waste that could potentially be sold were various purities of calcium
sulphate and metal sulphates. However, the main challenge was the treatment/disposal of
the remaining waste sludge and brine.

Luo et al. [111] provide details of a treatment that they successfully used to recover
metals and produce hydrogen gas using microbial electrolysis cells to treat AMD. This
electrolysis technology is one of the more promising methods to be developed. Through
microbiologically assisted electrolysis, these researchers were able to remove copper, nickel,
and iron from simulated AMD solutions while concurrently producing hydrogen to poten-
tially offset some of the energy inputs during treatment.

Nleya et al. [64] published their research about the possible production of sulphuric
acid from AMD. They summarised that, although not currently economically profitable,
methods such as freeze crystallisation and acid retardation may potentially be the most
promising technologies for acid recovery. These authors also indicated that the investigation
and possible use of lower cost energy sources would assist to make these alternative
treatments of AMD more economically viable.

The research details of staged electrochemical treatment in a laboratory to neutralise
the pH and remove metals from AMD have recently been published by Brewster et al. [66].
Briefly, an electrochemical system was set up and a current applied between a cathode and
anode. This caused the pH of the cathodic solution to increase while the anolyte solution
pH decreased. The anions, including sulphate, were drawn across a membrane from the
cathodic solution into the anolyte solution because of the decrease in pH. The increasing
pH in the cathodic solution caused the dissolved metals to concurrently precipitate out at
specific pH endpoints. The results indicate that metals like aluminium, iron, manganese,
zinc, nickel, lead, and others were successfully removed. The advantages of this approach
include the use of virtually no chemicals and the production of lower sludge volumes.
Other advantages, as indicated by these authors, are the co-precipitation of most AMD
metals in a controllable manner which will assist with possible recovery and recycling and
the possible recovery and sale of sulphuric acid. The significant disadvantages include high
initial capital costs and membrane fouling. Figure 1 summarises the current technologies
used for AMD treatment.
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7. Conclusions and Future Prospects

AMD, in South Africa and the rest of the world, is the cause of serious environmental
and social concern and requires urgent attention. There are several active, passive, abiotic,
and biotic treatments that have been investigated and, in some instances, implemented. The
most widely used AMD treatment throughout the world is active chemical neutralisation
which has been modified recently to be more efficient by continuously recycling most of
the sludge, using fewer neutralisation chemicals, and producing less waste sludge. How-
ever, chemical neutralisation remains very expensive and produces significant amounts of
potentially toxic waste. Various active and passive treatments have been investigated and
generally look promising at the lab bench scale and a few at pilot plant scale. However,
none of the recent techniques to treat large volumes of AMD have been implemented and
proven to work at full scale for an extended period. Thus, the next step remains full-scale
implementation and successful, long-term operation. Often, however, constraints like costly
initial capital expenses are a factor that needs to be overcome. Besides these challenges,
there is the real potential to produce by-products that could be sold to offset some of the
initial capital costs and the on-going operational treatment costs. Some new technologies
have successfully reclaimed metals, sulphur-based products such as gypsum and sulphuric
acid, and other alkali chemicals including calcium carbonate. These alternative treatments
offer several advantages including the requirement for less new materials because of re-
cycling and a reduction in the amount and treatment and disposal costs of potentially
toxic sludge waste. However, the emphasis must now be on full-scale implementation
of the most promising techniques that recover and sell viable, marketable by-products to
significantly offset the cost of traditional AMD treatment technologies and promote the
circular economy. Future research is needed to increase the efficiency of all the methods
used, with a focus on reducing the generation of secondary pollutants and recovering
valuable resources.
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Abstract: Mountainous areas have become among the most developed areas of geological hazards
due to special geological environmental conditions and intensive human engineering activities.
Geological hazards are a main threat to urbanization, rural revitalization, and new rural construction
in complex mountainous areas. It is of great strategic significance to conduct large-scale geological
hazard investigation and risk assessment in urban areas, control the risk of geological hazards at the
source and propose risk control measures. In this paper, we established the technical methods of
geologic hazard risk assessment and control in complex mountain towns by taking Longlin Town in
the mountainous region of Gansu Longnan, China as the study area, with the Quanjia bay debris flows
and Panping Village landslides as the typical pilot investigation and assessment. The methods consist
of six stages—risk identification, hazard disaster model investigation, risk analysis, vulnerability
assessment, risk evaluation and risk management and control measures and proposals. On this
basis, the results of geological hazards with different precipitation frequencies (5%, 2%, 1%) are
presented. The results show that 75.23% of the regions remained at low risk levels; 24.38% of the
regions increased a risk level with decreasing precipitation frequency, and 0.39% of the regions
remained at extremely high risk levels under different precipitation frequency conditions. For the
Quanjia bay debris flows and Panping Village landslides case, we discussed the geological hazards
risk source control contents, management and control technologies, engineering and non-engineering
measures of disaster prevention and control for urban disasters and specific disaster areas. This
research can provide technical support and reference for disaster prevention and mitigation, and
territorial spatial planning.

Keywords: the Longnan Mountain area; geological hazard; risk assessment; risk management and
control; remote sensing

1. Introduction

Many cities have been built on the region of canyon terraces, debris flow accumulation
fans and slopes or landslides with fragile ecological environments due to the special natural
geography and geological environmental conditions in the mountainous areas of western
China. The occurrence and development of geological hazards in the mountains area
were affected by human engineering activities in the process of city construction and
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development, resulting in frequent geological hazards and huge casualties and economic
losses. In addition, the threat and danger of geological hazards are further increased by the
increase and intensification of extreme weather, earthquakes, and large-scale engineering
and economic activities. In the process of urban planning and development in mountainous
areas, practical and reliable geological hazard risk zoning and control measures are an
urgent need to reduce the casualties and economic losses caused by geological hazards. In
particular, a scientific large-scale geological hazard survey and quantitative multi-hazard
risk assessment is urgently needed to provide a technical basis for land use planning,
disaster prevention and mitigation, and implementation of prevention and control projects.

The evaluation and management control of geological hazard risk is an effective way
to prevent and reduce disasters, which mainly includes five major steps—risk identification,
risk analysis and evaluation, risk countermeasure decision, implementation decision and
risk supervision [1]. Geological hazard risk management control has become an important
part of the disaster prevention and reduction strategy system in the world. At present,
the technical methods and theoretical systems of geological hazard risk control have been
formed basically according to the actual situation of the country or region, and geological
hazard risk management has gradually changed from a semi-quantitative to a quantitative
direction [2–7]. In recent years, many researchers have focused on the geological hazard
risk assessment method system and the risk management system. In the mountainous areas
of western China, the assessment of urban geological hazard risk, the formation of a series
of ideas and technical methods for geological hazard investigation and risk assessment,
and the proposition of a series of risk reduction programs have been undertaken [8–14].
Considering the possible damage of monolithic geologic hazards to population gathering
areas and cities, many scholars have carried out the risk assessment of monolithic geologic
hazards based on dynamic processes. For example, Xiao Lili et al. analyze the motion
accumulation process of Sunjia landslide used by the numerical simulation and profiled the
landslide risk level under extreme scenarios quantitatively [15]; Du Juan et al. established
a computational model based on the finite volume method by considering the erosion
effect and frictional resistance of the lower surface of the landslide during the motion of
the landslide debris flow, and predicted the hazard and risk of the El Picacho landslide
disaster in El Salvador [16]; Cui Peng et al. took the debris flow in Qingping town as an
example, explained the formation mechanism of flash flood debris flow and the methods
and contents of risk analysis and management, and proposed a series of risk assessment
and risk management theory and method system based on the dynamic process of flash
flood debris flow [17]; Shu Heping constructed the area, thickness and morphological
characteristics of debris flow accumulation in Sanyanyu through physical simulation tests,
and classified the hazard degree [18].

However, most of the above urban geological hazard risk assessments are based on
factor analysis of statistical methods; there are many questions in the sufficient reflection of
the detailed information of specific hazard sites, the application of assessment results in the
risk control of each specific hazard site, and meeting the new requirements of taking the new
road of urbanization and comprehensively improving the quality of urbanization [19–21].
In addition, there has been a lot of research about static risk assessment focused on the
regions or single units, which are mainly applied to risk management planning, while
there is a lack of research on the dynamic risk assessment of geological hazards at the town
scale [22,23]. For the risk control of urban agglomerations and specific disaster sites, it is
necessary to further carry out geological hazard risk source identification, hazard analysis,
and vulnerability analysis based on the physical and mechanical characteristics of specific
hazards and the dynamic process of hazards. Additionally, on this basis, calculate the risk
value and classification of each geological hazard and hidden spot.

In this paper, we build a procedure and method for evaluating the risk of geological
hazards in complex mountainous towns with reference to the technical methods and theory
of geological hazard evaluation at home and abroad in Longlin Town, which is a typical
mountainous town in the Lixian County, Gansu Province. Then, we analyze the potential
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hazards of typical geological hazards around the Longlin Town area, study the vulnerability
of the town area and the surrounding disaster-bearing bodies, and divide the risk areas
of geological hazards under different rainfall frequencies. Finally, the proposals for urban
geological hazard risk control measures were discussed and used to provide technical
support for disaster prevention and mitigation and territorial spatial planning of complex
mountainous towns.

2. Materials and Methods
2.1. Overview of the Geological Environment of the Study Area

Longlin Town is located in the south of Lixian County in the West Hanshui basin of
Longnan City, Gansu, and with a serious geological hazard. Its river system range includes
the first-level watershed that is located on both sides of the West Hanshui River valley and
takes mudstone ditch watershed as the boundary. The geographical range of the town
area is between 105◦02′29.5′′ E~105◦08′47.4′′ E, 33◦53′29.7′′ N~33◦57′50.1′′ N and with the
area of 38.4 km2. Approximately 11,550 people and 9 administrative villages were in the
town area. Because the climate of the town is temperate continental monsoon with a mild
and humid climate, the average annual rainfall in the area is 499.4 mm, and the rainfall is
concentrated from June to September, often in the form of heavy and continuous rain.

The Longlin Town area is characterized by the complex landscape of medium to high
mountains and valleys that is situated in the western part of the West Lishan interrupted
basin of the West Qinling Mountains in the Longnan Mountains of China. The slopes of
high and steep creating favorable topographic conditions for the occurrence of geological
hazards. The study area is located at the eastern Tibetan plateau active block, between the
north margin of the West Qinling left-slip fault and the East Kunlun left-slip fault. The main
faults in the study area are active fault zone with the NW and NE trending thrust and strike-
slip characterized by complex structural styles and intense activity. Longlin Township
was shaped by a wedge confined by the Lintan–Tangchang fault, the Lixian–Luojiabao
fault, the Feng–Tai fault and the Liangdang–Jiangluo fault [24–26]. The stratigraphy in
the region is mainly the Middle Devonian West Hanshui Group fifth and sixth lithologic
section (D2

2xh5 and D2
2xh6) and includes light gray shale and slate with a small amount of

chert and siltstone, etc. The rock mass in the study area is broken, weathered highly and
weaker competency that is affected by the surrounding active fault. The features of rock
mass are collapse and landslide, which includes the black carbonaceous shale and schist
fragments with significant rheological properties.

Further, the study area experienced historically strong earthquakes frequently with
a VIII degree of regional seismic intensity due to its location in the north-central part of
the north–south seismic zone of China. There are as many as 15 earthquakes of Ms 7.0
magnitude or higher recorded in history, among which the 8-magnitude earthquake in
Lixian County, Gansu Province, China on 21 July 1654, caused the most intense landslide.
Historical earthquakes lead to the formation of geological hazards because of their age
in the geotechnical structures and other structures in the area and reduce mechanical
strength [26,27].

In conclusion, the study area is a site in the mid-alpine canyon area on the eastern
margin of the Tibetan Plateau formed by strong erosion and cutting. The area suffered
frequent geological disasters due to active neotectonics movements, complex and frag-
mented rock structures, and the development of weak rock layers (Figure 1). Further, in
recent years, the increasing intensity of human engineering activities also aggravated the
occurrence of geological hazards in the area, mainly including land use, road construction,
and urbanization.
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Figure 1. Geological background map of study area. (a). The location of the West Hanshui Basin in
China. (b). The structural outline map of the West Hanshui Basin. (c). Development of weak rock
layers in Longlin Town.

2.2. Study Data Sources

The main data (Table 1) in this study were obtained from the information listed in
Table 1, mainly including 1© basic feature information obtained from geological hazard site
survey; 2© 1:10,000 topographic map data, DEM and 1:200,000 geological map; 3© 1:10,000
land-use type data; 4© 1:10,000 accuracy of physical source feature data; 5© Pléiades satellite
remote sensing data with 0.5 m accuracy that obtained on 3 May 2016, and UAV mapping
data with 0.1 m accuracy obtained on 15 October 2020; 6© historical geological hazard
rainfall data and 406 meteorological observation data points in the Longnan Mountains in
the study area; 7©major geological hazard body survey and geotechnical body experimental
test data.

Table 1. Data type and source.

Basic Data Data Source and Production Data Format

Geohazard data From the Longnan West Hanshui Basin Disaster Geological Survey
(2019–2021) project database 1:10,000 precision vector data

DEM Geospatial data to extract slope, gully density, debris flow gully bed ratio
drop, etc. 5 m × 5 m raster data

DOM/DLG Land use type data 5 m × 5 m raster/vector data
Remote Sensing

Data Interpretation for risk source identification, carrier types, etc. P-star and UAV data, raster data

Rainfall information Lanzhou Central Weather Station, Longnan town geohazard Professional
Monitoring Network Vector data

Geological data Lithological zoning, fracture structure 1:200,000 regional geological map,
vector data

Survey and test data
Physical and mechanical indicators such as geotechnical density/capacity,

water content/permeability coefficient, and angle of internal friction,
cohesion, etc., for model calculation and analysis

Text Data Format
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3. Methodology
3.1. Town Risk Assessment Process

Geohazard risk assessment is a research work that is aimed at a certain area or a typical
geohazard body. The urban geohazard risk assessment investigates the threat of geohazard
potential and its cascading hazards based on the geohazard data of the urban study area.
In this paper, the following steps and methods are used to realize the study of geohazard
risk assessment and control for towns in typical middle and high mountain valley areas
(Figure 2).
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mountainous areas.

• Geological hazard risk identification.

Hazard source identification focuses on the r of the parcels within the township that
may cause geological hazards, the major geological hazards and the degree of population
concentration, the general impact area is within 1~3 km upstream and downstream along
the river valley. The content of geohazard risk identification is analyzing the lots that may
be destabilized to produce collapse and landslide mainly in the first-level slope zone on
both sides of the river valley and the area below the circulation area of each branch gully,
and analyzing whether the type of debris flow gully is slope or flash flood type for the
mountainous gully. Additionally, we consider the extent of secondary effects after the
occurrence of chain geologic hazards under extreme conditions [28].
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• Research on the formation mode of geological hazards.

It is including the analysis of the conditions of geohazard potential disasters and the
process of disaster formation, the study of the basic formation conditions, development
characteristics, development process and characteristics of geohazards and early detection
signs, and establishing geological detection signs and indicators of geohazards of different
types and development stages [29–32]. The study region is a fault-controlled hillslope area,
and the large landslides caused by the soft and hard laminated rock groups composed of
shallow phyllite rocks such as micro phyllite rocks and schists, debris flow have multiple,
multi-level block activities characteristics, and their disaster modes are featured by the chain
such as landslide-debris flow or barrier lake. The large debris flow has obvious branch
gully grouping to block and collapse step by step, and the flow increases significantly,
which is easy to block the river valley to form a chain disaster.

• Geohazard Risk Analysis.

The overlaid analysis was carried out with the critical rainfall distribution map in the
study that was obtained used by the slope hydrology model and the infinite slope stability
model and the existing disaster-inducing rainfall data to obtain the spatial distribution of
slope stability under different rainfall conditions in 24 h [33,34]. Then, the future develop-
ment trend of the slope is qualitatively discriminated according to the surface deformation
law, which is represented by the slope development rate. Finally, the two are combined
for comprehensive analysis to calculate the damage probability of the slope [35–39]. In
the first-class slope zone around the township area, the potential hazard degree under
different rainfall conditions is predicted and analyzed one by one for landslide/debris flow
that may cause disasters. Based on the geological hazard generation model, a reasonable
mathematical model of geotechnical movement and fluid-solid coupling movement is used
to analyze the geological hazard movement and accumulation characteristics under each
condition and predict its hazard range. According to the three-level superposition of slope
destabilization, landslide damage and debris flow occurrence, the hazard blocks or strip
slope units composed of raster cells in the study area are reasonably delineated and form
the geological hazard zoning map of the collector area.

• Vulnerability assessment of potential disaster-bearing bodies.

The vulnerability analysis of geological hazards is a comprehensive analysis way
to the resilience of disaster-bearing bodies, and its degree depends on the sensitivity of
disaster-bearing bodies to the effects of geological hazards, which is usually expressed by
the value (or number) of disaster-bearing bodies and their vulnerability index [40]. Based
on the geological hazard zoning map, it is mainly focused on the potential disaster-bearing
bodies exposed to medium or higher-level geological hazards, which includes permanent
and temporary buildings exposed to the threat of geological hazards, linear projects such as
roads/highways/pipelines, population distribution and age structure, etc., and ecological
environment conditions. The comprehensive value of disaster-bearing bodies is obtained by
calculating the average unit value of the above-mentioned disaster-bearing bodies and the
actual number of disaster-bearing bodies, and then carrying out qualitative or quantitative
vulnerability index analysis according to the form of damage by spatial movement of
geological hazards and the structural strength of the disaster-bearing bodies themselves,
to obtain the vulnerability assessment zoning map of potential disaster-bearing bodies of
geological hazards in the study area.

• Geological hazard risk assessment in the township area.

The probability of occurrence of geological hazards in different risk areas was obtained
by using historical geohazard cases and corresponding trigger rainfall record data in the
study area. The quantitative and qualitative methods were used to evaluate the risk of
geological hazards in urban towns by combined with the degree of risk of geological
hazards and the vulnerability of hazard-affected bodies and formed the risk zoning map of
geological hazards in the study area.
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• Recommend countermeasures for risk control.

Proposing specific measures such as risk source elimination, risk area reduction, and
integrated risk control by a comprehensive consideration of the risk distribution of disaster-
bearing bodies in the study area.

3.2. Geohazard Risk Identification and the Disaster Generation Model

Geological disaster risk identification focuses on the identification of hazard sources
such as landslides, landslides and debris flow in the areas that may produce geological
disasters in the planning area of the township. For example, we analyze the lots that may
be destabilized to produce collapse and landslide in the first-class slope zone on both sides
of the river valley and the area below the circulation area of each branch ditch and analyze
whether the debris flow valley is a slope type or flash flood valley in the mountainous
valley. First, effectively identify the surface deformation according to the spectral and
texture change characteristics of multi-period optical remote sensing images, to circle
the major hidden hazard and potential geological hazard hidden danger lots combined
with the topographic features and census the old landslides that had occurred and the
areas with obvious signs of deformation [41–45]. Secondly, forming three-dimensional
images in the exposed areas of bedrock such as weathered phyllite rock and shale are
most prone to geological hazards such as collapse and landslide using an aerial survey
of UAV, so that various features and signs of slope deformation can be visually analyzed,
and deformation sections or blocks can be circled in detail [46]. Finally, the identification
results obtained by the first two means are supplemented and verified, with emphasis on
selecting potential geological hazard sites or typical geological hazard sites with obvious
deformation characteristics that pose a threat to people’s lives and property safety and are
visually blinded by remote sensing interpretation [47]. After a general, detailed survey
and verification, there are 71 geological hazards in the study area, including 4 landslides,
53 rockfalls, 7 gully-type debris flows and 7 slope debris flows (Figure 3). The total area of
landslide geological hazards is approximately 3.23 km2, accounting for 8.4% of the total area
of the study area, and the density of hazard development is 1.85 places/km2. The total area
of provenance area of landslide, landslide and debris flow development is 1.67 km2, and
the area of their corresponding provenance areas are 7.2%, 57.5% and 35.3%, respectively.

Landslide is one of the most widely distributed types of geological hazards in the study
area, the amount is accounting for 74.6% of the total number of hazard sites in the study
area. It is densely distributed on both sides of West Hanshui and Hanjia Rivers and on the
slopes of both sides of each branch ditch, mostly developed in the loose accumulation of
the Quaternary sediments, Devonian carbonaceous shale, micaceous rocks and tuffs with
soft and hard intervals, and easily sliding engineering rock groups. It is concluded that the
large-scale landslides in the study area are ancient landslides formed under the movement
of earthquake or tectonic activities with a total of 13 landslides developed by combined
with the UAV images, field survey and literature. Some other small and medium-sized
landslides are developed on older landslide accumulations and are characterized by the
multi-period sliding that is mostly under the influence of rainfall, human engineering
activities, or river erosion.

The disaster mode is follows 3 types: Type I, the old landslide back wall unloading
effect produces small avalanches and slides under the collapse, the slide body forward
movement, the formation of rush cover damage. Type II, the landslide in the front edge
of the excavation and erosion, the leading edge of the front body forward movement, the
formation of pushover damage. Type III, the side edge of the landslide under the erosion
of the cutting gully, the side edge of the local sliding to form the secondary landslides, the
formation of further sliding damage.
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The basic formation conditions, development characteristics, development and evo-
lution processes and characteristics, and early identification marks of the three types of
landslides were further analyzed and studied. Finally, an intuitive map of the geological
identification marks of landslides with different disaster formation modes was constructed,
and geological identification marks and indicators of landslides corresponding to different
types and development stages were established (Table 2).
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Table 2. Landslide and hidden danger point disaster pattern identification mark statistics.

Type Initial State Ageing
Deformation Stage

Progressive
Deformation Damage

Stage
Post-Damage State Description of

Model Elements

Type
I
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The amount of debris flow is account for 19.7% of the total number of hazards in the
study area. The overall gully debris flow is shaped narrow, and the source, circulation and
accumulation area are relatively complete. The source area is mostly developed with small
and medium-sized avalanche slides and other sources, with obvious signs of local blockage
of the gully; the circulation area has clear traces of erosion and scouring by flowing water;
the accumulation area has obvious fan-shaped land. Slope debris flow is mostly developed
in the slope triangle area with the deep channel. The sources are mostly developed in
the middle and lower reaches of the watershed and are small avalanche slides, the slope
gradient of the gully bed is large, and the fan shape of the accumulation area is not obvious.
The main disaster mode includes 2 types, the gully uncovered bottom-siltation type damage
and slope runoff erosion slip type—diffuse flow type damage.

The number of collapses is relatively small, accounting for 5.7% of the total number of
disasters. They mostly occur in the steeper slope areas on both sides of river gullies and
highways, and the slope structure is mainly bedrock and loess-soft rock slopes with good
prominence, developed structural surface, and unclear texture.

3.3. Town Risk Assessment Methods and Models
3.3.1. The Slope Stability Evaluation Model

The infinite slope model proposed by Skempton and Delory [48] is to consider the
response of rainfall erosion slope surface, infiltration slope body and geotechnical properties
to the slope under different rainfall frequencies, which can achieve quantitative stability
evaluation of the slope. Montgomery et al. [49] combined it with the slope hydrology
model to obtain a critical rainfall calculation formula for shallow landslide initiation. The
slope instability in the study area is mainly influenced by rainfall, and the depth of the
landslide is much smaller than the width and length of the slope. Therefore, according to
the limiting equilibrium theory, the slope stability coefficient within each raster cell is Fs:

Fs =
c′ + [(ρsgD− ρwgh)cosθ]tanϕ′

ρsgDsinθ
(1)
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where c′ is the effective cohesion of the slope (kPa). ϕ′ is the effective angle of internal
friction of the slope (◦). ρs is the natural weight of the geotechnical body (kg/m3). t is the
potential slip thickness (m). θ is the slope inclination (◦). h is the slope groundwater level
(m). ρw is the weight of water (kg/m3).

Under certain rainfall intensity conditions, the water table height in the slope. h is:

h =
IA

Tbsinθ
(2)

where I is the equivalent rainfall intensity (m/d). A is the watershed area (m2). T is the
hydraulic conductivity of the saturated soil (m2/d). b is the width of the considered water
flow cross-section (grid accuracy) (m).

Combining Equation (1) with Equation (2), such that Fs = 1, the critical rainfall for
rainfall-induced slope initiation can be obtained as

Ic = T
(

b
A

)
sinθ

(
ρs

ρw

)
·
[(

1− tanθ

tanϕ′

)
+

c′

ρwgDcosθtanϕ′

]
(3)

3.3.2. The FLO-2D Fluid Model

Most of the debris flow hazards in the study area are rainfall controlled in nature,
and few of the debris flow gullies have been subjected to engineering control measures.
Therefore, this paper simulates the future debris flow hazard in the study area based on the
FLO-2D model [50,51]. The FLO-2D model was proposed by O’Brien [52] in the early 1990s
based on a non-Newtonian fluid model and a finite difference method to solve the motion
control procedure, which can be used for two-dimensional flood hazard management and
debris flow motion. In the FLO-2D model, the debris flow control equation is

∂h
∂t

+
∂(uh)

∂x
+

∂(vh)
∂y

= I (4)

(Sox − S f x)g =
∂h
∂x

g + u
∂(uh)

∂x
+ v

∂(uh)
∂y

+
∂u
∂t

(5)

(Soy − S f y)g =
∂h
∂y

g + u
∂(vh)

∂x
+ v

∂(vh)
∂y

+
∂v
∂t

(6)

where t is the evolution time (s), h is the depth (m), I is the rainfall intensity (mm/h),
u is the velocity in the x-direction (m/s), and v is the velocity in the y-direction (m/s),
Sox and Soy are the streambed slope drops in the x-direction and y-direction (%), Sfx and
Sfy are the frictional slope drops in the x-direction and y-direction (%). FLO-2D provides
dynamic wave mode and diffusion seeding mode to simulate the process of movement
and accumulation. Equation (2) is the continuity equation, which is the volume mass
conservation equation. Equations (5) and (6) are the equations of motion of the force
balance. In this model, the expression of the shear stress gradient of the fluid:

S f = Sy + Sv + Std =
τy

γmh
+

Kηu
8γmh2 +

n2u2

h4/3 (7)

where Sf is frictional decline (%), Sy is yield decline (%), Sv is viscous decline (%), Std is
turbulent-dispersion decline (%), τy is yield stress (MPa), γm is specific gravity of fluid
(t/m3), K is laminar drag coefficient, η is fluid viscosity coefficient, n is Manning coefficient,
and v is flow velocity (m/s). The parameters τy and η are calculated from the equation
η = α1eβ1·Cv and τy = α2eβ2·Cv , α1, α2, β1 and β2 are set by rheological tests or table setting.
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3.3.3. The River-Flow 2D Rheological Model

The landslides in the study area mostly developed on the slopes of loose accumula-
tions that were composed of weak and shallow metamorphic phyllite and slate zone. The
damage process is usually discontinuous, which is characterized by the high concentration
of non-Newtonian fluid. The River-Flow2D [15] numerical model is a multidimensional
simulation software that adopts a finite volume method to integrate hydrodynamic and
hydrologic elastic mesh [53,54]. In the process of landslide simulation, it mainly considers
the change in frictional resistance on the bottom surface of the debris body. It can realize
the two-dimensional or three-dimensional simulation and display the accumulation charac-
teristics of landslide-clastic flow movement (slip velocity, slip distance and accumulation
body thickness).

Different sliding friction calculation models are given in the River-Flow 2D numerical
model calculation process for different properties of the sliding material, which can simulate
the landslide motion process reasonably and determine the stress boundary conditions
accurately. It mainly includes the Bingham model [55,56], the Voellmy model [57,58],
and the friction flow model [59]. Among them, Bingham is a friction resistance model
considering the plasticity and viscosity of the slide, when the starts to flow after reaching
the critical value of shear stress, and its bottom friction value is calculated as Equation (8).
Additionally, the formula of the Vowelly flow model mainly includes the turbulence term
and frictional resistance term, and the formula is Equation (9). The frictional flow is
calculated as Equation (10).

v =
h

6η
(2τ − 3τ′ +

τ′3

τ2 ) (8)

τ = γh
(

cosα +
ac

g

)
tanφ + γ

v2
i

ξ
(9)

τ = γh
(

cosα +
ac

g

)
(1− ru)tanφ (10)

where η is the Bingham viscosity coefficient. v is the slip velocity (m/s); according to the
Cullen viscosity theory, τ′ can be expressed by the positive slip surface stress. γ is the slip
body capacity (kg/m3). a is the slip surface inclination angle (◦). φ is the internal friction
angle (◦). ac = vi

2/R is the centrifugal acceleration of the curved slip surface. ru is the cavity
pressure coefficient, the ratio of the cavity pressure to the normal stress at the bottom of the
calculation unit. ξ is the turbulence coefficient (m2/s).

During the River-Flow 2D simulation, when the slide stress is gradually dispersed
near the slide bed and there is a turbulence effect, the frictional resistance characteristics
mainly depend on the shear stress change in the slide, and viscous stress, yield stress,
dispersion stress, and inelastic collision of solid particles in the debris-fluid soil and rock
mixture, etc. The standard Bingham frictional resistance model is

f1(τ0, τ1) = 2τ3
b − 3

(
τy + 2τµ

)
τ2

b + τ3
y = 0 (11)

where τb is the slip stress (MPa), τb = gρhcosθtanθb, τy is the yield stress (MPa), τy =
0.181 · exp(25.7CV)/10 is the yield stress (MPa), τu is the viscous stress (MPa), τu = 0.036 ·
exp(22.1CV)/10. ρ = ρw (1 + 1.65CV) and θ is the slope of the landslide (◦). θb is the internal
friction angle of the landslide (◦), and ρ is the fluid density of the landslide debris (kg/m3).
ρw is the water weight (kg/m3). CV is the volume concentration.

According to the above evaluation model and method, this paper further elaborates on
the technical framework and related technical means for geological hazard risk evaluation
and control in complex mountainous towns in the typical relocation and resettlement area
of the Longnan mountainous area, Longlin Town collector town. The results show that
there are many potential major geological hazards in the first-class slope zone on both
sides of the river valley in the planning area of the townships. We select a typical landslide
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and debris flow for demonstration by the FLO-2D model and River-Flow 2D because the
multiple major geological hazards and the calculation and analysis process is similar to the
single body. In the other areas of the township area, the 5 m× 5 m resolution raster cells are
used as the basic evaluation units of geological hazards for geological hazard evaluation
and risk analysis by selecting the slope stability evaluation model.

4. Model Validation and Results
4.1. Model Validation

Geological hazard risk assessment is based on the analysis of geological conditions and
triggering factors of geological hazards, and analyzes the time probability and movement
accumulation characteristics of geological hazards occurrence, and its core content is to
determine the probability of destabilization and coverage of geological hazard bodies
under different working conditions [60–63]. The types of geological hazards in the study
area are mainly landslides and hazards, and geological hazards have rainfall-controlled
characteristics, so a comprehensive evaluation of the hazard of different rainfall conditions
is mainly conducted for slopes and major geological hazard bodies in the catchment area.
Finally, the hazard levels are divided into four levels: very high, high, middle, and low.

4.1.1. Town Slope Hazard Analysis

The slope structure in the study area is mostly a laminar slope structure characterized
by loose accumulation layer slope and overlying loess or residual slope accumulation rubble
layer with underlying highly weathered soft bedrock, which can meet the assumptions of
the infinite slope model, and the catchment area is generally small. The required physical
and mechanical indices of the geotechnical body are easy to obtain and can meet the
requirements of the model calculation. Firstly, the survey and investigation data of the
slopes in the study area show that most of the landslide damage modes are multi-phase
shallow sliding, while the thickness of the overlying gravel soil layer of the slope (such as
poor stability and good stability in the slope unit) is investigated and counted. The total
number of slope thickness points in this investigation is 463, the maximum overburden
thickness was 26.1 m, and the minimum overburden thickness is 0.1 m. Based on these data,
ArcGIS spatial analysis is used to interpolate the slope thickness and obtain the distribution
of potential slope slip thickness (Figure 4). Secondly, according to the series of spatial
layers such as stratigraphic structure type, material composition, and fragmentation degree
from the slope refinement survey, the study area distinguishes six types of slope structure
types including loose accumulation layer, loess-soft rock, loess, soft rock, soft rock-hard
rock and hard rock. Based on the field survey and investigation data, the geotechnical
samples of various slopes were analyzed to determine the basic physical and mechanical
parameters such as effective cohesion, effective internal friction angle, natural weight of
the geotechnical body, and hydraulic conductivity of saturated soil body. The slopes in the
study area were rasterized into a 5 m × 5 m grid, and then the critical rainfall for each grid
in the study area was obtained according to Equation (3). According to the field survey and
collected historical data, the geological hazard outbreak in Longnan Mountains usually
reaches 20~50 mm in 24 h rainfall, and when the 24 h continuous rainfall is more than
100 mm, it often induces a cluster geological hazard of uneven scale. The maximum 24 h
rainfall ever occurred in the study area is 116.3 mm, combined with the rainfall intensity
classification standard promulgated by the National Meteorological Bureau, the three 24 h
rainfall amounts set under different rainfall conditions, 20-year, 50-year, and 100-year
scenarios, are 25, 50 and 100 mm, respectively. With the critical rainfall distribution map,
the overlay analysis is carried out under the ArcGIS platform, which would obtain the
spatial distribution maps of slope stability under different rainfall conditions.
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However, the slope stability calculation only represents the existence of a possible
internal state and is only a quantitative evaluation of the stability state at different stages,
but cannot represent the future development trend of the slope. The slope deformation and
damage characteristics, i.e., slope development rate, is an assessment of the future slope de-
velopment trend based on the surface deformation law [64]. Therefore, the individual slope
damage analysis should combine the stability calculation results with the development rate
judgment, and comprehensively judge the possibility of future development trend of the
slope, i.e., the slope damage probability. The slope damage probability calculation method
not only includes the slope stability calculation results but also considers the macroscopic
deformation development state of the slope surface, combining microscopic analysis and
macroscopic judgment, which can reflect the landslide damage situation more accurately.
Its characteristic is to determine the development trend of slope damage in a targeted way
based on the realism of slope surface deformation. Thus, it avoids focusing only on the
artificial random adjustment of physical and mechanical parameters of slopes and ignores
the damage probability calculation results of slope surface deformation.

Finally, according to the slope damage probability evaluation reference Table 3, the
slope stability under different rainfall conditions is categorized into four levels, which are
superimposed with the resulting map of landslide development rate grading to obtain the
hazard zoning map of slopes in the catchment area under different rainfall conditions.
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Table 3. Reference for slope failure probability evaluation.

Grading

Landslide Stability Calculation Concerning Surface
Macro Deformation Landslide Development Rate Evaluation Reference

Surface Macro
Deformation

Characteristics
Stable State

Reference
Value of
Stability

Coefficient

Developmental
Status

Landslide
Development
Characteristics

Fertility
Reference

Values

Extremely
high

Signs of overall
landslide sliding can be
clearly observed on the
surface, and the slide

body can be separated
from the slide bed

Landslide
initiation <0.9

Full
developmental

maturity

Landslide has been
initiated and

overall sliding is
highly probable

0.9~1

High

Landslides can be
initiated when there is

localized damage to
the ground surface,
and overall sliding
precursors appear

Unstable 0.9~1.00 Developmental
maturity

Slippery slope can
be started, the
overall sliding

possibility is high

0.7~0.9

Medium

Signs of surface
deformation begin to

intensify and the
landslide progresses
rapidly toward the

initiation phase; or the
surface shows

significant local
deformation, but the
rate of deformation

is slow

Critical
state or less

stable
1.00~1.10

Developmental
immaturity or

onset of
development

Accelerated
deformation of the
landslide, with the

possibility of
overall sliding; or
local deformation
of the slope, with
the possibility of

forming a landslide

0.3~0.7

Low

There are only local
signs of minor

deformation on the
surface, and there is no
development trend for
the time being, or no
signs of deformation
are observed on the

surface for the
time being

Basically,
stable or

stable
1.10~1.20

Not yet
developed or

not developed

The slope
deformation range
is very small and
the possibility of

landslide formation
is minimal; or no

landslide

<0.3

4.1.2. Typical Evaluation Demonstration

Quanjia Bay debris flow is located in the Longlin Town Quandu village group, West
Hanshui left bank, its watershed area is 1.26 km2, the relative height difference in the
area is 693 m, the main channel length is 2.53 km, the average longitudinal ratio drop
of the ditch bed is 273.9‰, and the total amount of loose solids source in the water-
shed reaches 242.38 × 104 m3. The field investigation data show that the debris flow
dynamic process is: soft and hard lithology combination of medium and shallow landslide
start→ blockage body instantaneous collapse flow amplification→ along the course of
channel erosion→more intense bend wash silt→ stop silt accumulation or blockage of
the river, is a typical collapse—channel erosion mixed debris flow. In the process of move-
ment, the flow is immediately amplified 3~10 fold after experiencing the blockage and
collapse of loose accumulation source or coarse and large particle source, forming a super
large-scale mudflow.
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The debris flow in Quanjia Bay is a rainfall type debris flow gully, and without
engineering control, measures are taken. Therefore, this paper mainly deals with the
simulation of the debris flow movement characteristics of the debris flow in Quanjia Bay
under 100-year (1% frequency), 50-year (2% frequency) and 20-year (5% frequency) rainfall
conditions based on the FLO-2D model under rainfall conditions. The characteristic values
of its movement were quantitatively obtained, and the spatial distribution of the intensity
values of the mud level depth and flow velocity of the debris flow in each raster cell is used
as an expression of the debris flow hazard.

FLO-2D model parameters are obtained from 0.5 m DEM, four sets of particle gradation
at different cross sections, and other watershed characterization parameters. Combined
with the debris flow dynamic characteristics and the Gansu Province small watershed
storm flood model, the debris flow flows were calculated under different capacities of
1.77 t/m3, 1.89 t/m3 and 1.97 t/m3. In the actual investigation, the upstream channel
in Quanjia Bay is severely blocked, and the formation after the collapse of the middle
and shallow landslide weir will produce a certain amplification effect, so the input of the
FLO-2D model is calculated multiplied by the volume expansion coefficient. Finally, the
parameters and rate were input of the FLO-2D model (Table 4), and the calculation results
were more reliable and realistic without human intervention during the whole process.

Table 4. Basic characteristics and FLO-2D simulation parameters of Quanjia Bay.

Projects
Frequency of Rainstorms Simulation

Parameters Value
P = 5% P = 2% P = 1%

Watershed area/(km2) 1.26 Calculation
grid/(m) 5 × 5

Total material sources/(104 m3) 242.38
Manning

roughness
coefficient

0.15/Residential district
Debris flow capacity/(t/m3) 1.77 1.89 1.97 0.05/Road

Debris flow peak/(m3/s) 6.49 10.38 12.97 0.22/Cultivated land
Sediment correction factor 0.89 1.17 1.44 0.2/Bare ground
Sediment blockage factor 3.5 0.8/Woodland

Debris flow discharge/(m3/s) 42.94 78.8 110.82 laminar flow
friction factor K 2280

Volumetric concentration 0.47 0.54 0.59 α1 0.811
Debris flow amplification factor 1.89 2.17 2.44 α2 0.00462

Simulation flow/(m3/s) 81.21 170.93 270.45 β1 13.72
Simulation time/(h) 0.3 0.8 1.5 β2 11.24

Simulation accuracy/(%) 81.38 75.53 86.74 Sediment specific
gravity/(t/m3) 2.65

The simulation of FLO-2D results (Figure 5) indicates that the areas of the very high-
risk zone, high-risk zone, medium-risk zone and low-risk zone under 100-year (1% fre-
quency) precipitation are 4.45 × 104 m2, 1.36 × 104 m2, 3.26 × 104 m2, 4.35 × 104 m2. The
areas of the very high-risk zone, high-risk zone, medium-risk zone and low-risk zone under
50-year (2% frequency) precipitation are 2.80 × 104 m2, 1.10 × 104 m2, 1.96 × 104 m2, and
2.95 × 104 m2. The areas of very high-risk zone, high-risk zone, medium-risk zone and
low-risk zone under 20-year (5% frequency) precipitation are 1.79 × 104 m2, 0.42 × 104 m2,
0.98 × 104 m2, 2.04 × 104 m2.
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Figure 5. Simulation results of debris flow risk in Jianyuwan under different precipitation conditions.
(a). Longitudinal profile of the main channel. (b). Blockage of the main channel downstream of
formation area. (c). The situation of the main channel downstream of the circulation area. (d). A
total of 100 hazard zones of debris flow under the condition of one rainfall. (e). A total of 50 risk
zones of debris flow under one rainfall condition. (f). A total of 20 hazard zones of debris flow in
case of rainfall.

4.1.3. Typical Landslide Evaluation Demonstration

The landslide in Panping Village is located approximately 2 km northwest of Longlin
Town, on the left bank of the Datang River, a right-bank tributary of the West Hanshui.
The landslide is generally tongue shaped on the plane, with obvious rear edge circle chair-
like terrain, there are two secondary slides composed of approximately 250 m in length
and 180 m in width. The landslide occurs at an elevation of 1320~1481 m, with a relative
height difference of approximately 161 m, an average thickness of approximately 25 m, a
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volume is approximately 112.5 × 104 m2, a main slide direction is 154◦, and a total slope
is 27◦. The field investigation shows that the disaster mode of the landslide is a small
avalanche slip collapse overburden damage under the unloading effect of the back wall of
the old landslide.

In this paper, the base map data used for numerical simulation is the DEM with
an accuracy of 0.5 m resolution obtained by UAV mapping in 2020. Based on the above
proposed 2D calculation model of the landslide process based on the finite volume method,
the river-Flow 2D landslide motion simulation system is used to obtain the sliding velocity,
sliding distance, and thickness of the slide during the motion. In this example, the soil
friction model adopts the Bingham standard friction resistance model, which is widely
used in the calculation and simulation of the sliding distance, especially for the debris-
fluid landslides with high water content of slide material, which can obtain more ideal
calculation results, and the calculation formula is shown in Equation (11). In this paper,
the parameters in Table 5 are used for the simulation calculation, and the simulation test
and movement process analysis are carried out for the landslide of Panping Village under
different precipitation conditions.

Table 5. Model calculation parameters under different precipitation conditions.

Projects P = 5% P = 2% P = 1%

Internal friction angle θb/(◦) 14.4 12.96 11.6
Slip density ρ/(kg/m3) 20.2 23.23 25.05

Volumetric concentration CV 0.618 0.802 0.912
Slip body yield stress τy/(MPa) 0.886 1.422 1.886

Slip viscous stress τµ/(MPa) 0.141 0.212 0.270

In the landslide-debris flow movement stage, for the building, the maximum thickness
of its location during the movement of the slide is one of the direct factors affecting its
deformation and damage condition, so the thickness of the landslide is chosen as an
important index for evaluating the landslide hazard. According to the previous studies
and the actual situation of the landslide, the landslide hazard is divided into four levels
according to the thickness of the movement accumulation, low hazard zone when H ≤ 1 m,
medium hazard zone when 1 < H ≤ 3 m, high hazard zone when 3 < H ≤ 5 m, and very
high hazard zone when H > 5 m. The simulation results (Figure 6) show that the areas of
very high hazard zone, high hazard zone, medium hazard zone, and low hazard zone under
the 100-year (1% frequency) precipitation condition of the Panping Village landslide are
1.94 × 104 m2, 1.62 × 104 m2, 1.79 × 104 m2, 1.02 × 104 m2. The areas of very high hazard
zone, high hazard zone, medium hazard zone, and low hazard zone under the 50-year
(2% frequency) precipitation condition are 1.36 × 104 m2, 1.24 × 104 m2, 1.17 × 104 m2,
1.42 × 104 m2. The areas of very high hazard zone, high hazard zone, medium hazard
zone, and low hazard zone under the 20-year (5% frequency) precipitation condition are
0.54 × 104 m2, 1.11 × 104 m2, 1.07 × 104 m2, 1.83 × 104 m2.

According to the above-mentioned risk evaluation process of the urban geohazard
chain, geological hazards such as landslides and in the first-class slope zone on both
sides of the river valley are analyzed one by one under different precipitation conditions,
and the hazard area is predicted. Finally, according to the three-level superposition of
slope destabilization, landslide damage and mudslide occurrence, the hazard blocks or
strip slope units composed of grid cells in the study area are reasonably delineated to
form a geological hazard zoning map of the watershed. The simulation results (Figure 7)
show that the areas of very high hazard zone, high hazard zone, medium hazard zone
and low hazard zone under 100-year (1% frequency) precipitation in Longlin Town are
2.36 km2, 4.64 km2, 13.97 km2 and 17.43 km2, respectively. The areas of very high hazard
zone, high hazard zone, medium hazard zone and low hazard zone under 50-year (2%
frequency) precipitation are 1.19 km2, 1.78 km2, 7.28 km2, and 28.14 km2, respectively.
The area of the very high-risk zone, high-risk zone, medium-risk zone and low-risk zone
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under 20-year (5% frequency) precipitation condition is 0.53 km2, 0.75 km2, 4.13 km2, and
32.99 km2, respectively.
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4.2. Results
4.2.1. Assessment of the Vulnerability of Towns to Geological Hazards

Considering the characteristics of the variety of structures and functions of disaster-
bearing bodies in mountainous towns, we extract the types of disaster-bearing bodies
automatically used by the hyperspectral curve features and image recognition technology
based on the high-resolution images of Gaofen-2 satellite and UAV aerial photography,
which improves the identification efficiency of a large number of disaster-bearing bodies.
Synthesize on field surveys, interviews, urban planning, and construction information, the
information on disaster-bearing bodies is optimized, and a real-time state database of spatial
attributes of urban disaster-bearing bodies is constructed, which is summarized into 4 items
and 22 categories. Among them, the population includes two categories—population den-
sity and population age; the buildings include nine categories—building areas, government
administrative districts, schools, hospitals, factories, commercial houses, supermarkets,
tourist attractions and temples; the roads includes four categories: national roads, township
roads, general roads and bridges; ecological environment includes seven categories: forest
land, grassland, cultivated land, garden land, green land, bare land and water.

Geological hazard vulnerability analysis is a comprehensive analysis of the resilience
of a hazard-bearing body. The degree of the vulnerability of a hazard-bearing body depends
on the sensitivity of the hazard-bearing body to the effects of the geohazard, which is usually
expressed by the value (or number) of the hazard-bearing body and its vulnerability index.
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The comprehensive value of the hazard-bearing body can be obtained by calculating
the average unit value of the hazard-bearing body and the actual number of affected bodies.
The vulnerability of a hazard-bearing body is a description of how easily which it can be
destroyed by a disaster, and it can be expressed as a number between 0 and 1, with the larger
the value, the higher destroy degree. The quantitative description of the vulnerability of a
hazard-bearing body is complicated and is mainly influenced by the structural strength of
the hazard-bearing body itself and the damage form of the geological hazard. For example,
if a hazard-bearing body is located at different places about landslides and hazards, it will
be damaged in different ways. The buildings and structures in its main flow line will be
mainly affected by impact hazards, and in the landslide’s edge or the fan’s front edge will
be affected by siltation hazards.

The buried disaster-bearing body is difficult to be reused mostly, and it is difficult
to play the original planning and design effect due to the change in topography even if
the structure is intact. The vulnerability calculation method of a disaster-bearing body is
illustrated by the example of a house or structure. The vulnerability index of a disaster-
bearing body affected by the siltation hazard is the ratio of the siltation thickness of
landslide, debris flow and other hazards to the effective height of the disaster-bearing body
itself (Equation (12)).

Cd = Hd/Hc. (12)

where Cd is the vulnerability index of the disaster-bearing body. Hd is the burial depth of
the debris-flow siltation (m). Hc is the effective height of the building or structure (m); if
(Hd/Hc) ≥ 1, it means that the building or structure has been completely buried by the
landslide, and its value is 1.

The vulnerability of the disaster-bearing body is calculated by combining the results of
the simulation calculation of the formation mechanism and movement process of geological
hazards such as landslides, and considering the spatial variability of the disaster intensity.
Finally, the vulnerability of the disaster-bearing body in Longlin Town is superposition
evaluated according to the principle of choice high and forms a zoning map of the vul-
nerability of the geological hazard-bearing body in the populated area of Longlin Town
(Figure 8).
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different conditions.

4.2.2. Risk Assessment of Urban Geological Hazards

The risk value of each evaluation unit under different precipitation conditions is
calculated according to the definition of hazard risk [65–67] based on the results of the
geological hazard and vulnerability analysis of Longlin Town.

R = H ×V × Pi (13)

where R is the value of the riskiness index of the evaluation unit. H is the value of the hazard
index of the evaluation unit. V is the value of the vulnerability index of the evaluation unit.
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Pi is the probability of risk occurrence under different precipitation working conditions.
Before calculation, all kinds of indices in Equation (13) must be normalized, and the
normalization method is as follows:

H′ = (H − Hmin)/(Hmax − Hmin)

V′ = (V −Vmin)/(Vmax −Vmin)

where H′ is the normalized value of hazard level. H is the value of the hazard index Hmax
and Hmin are the maximum and minimum hazard values, respectively. V′ is the normalized
value of vulnerability. V is the normalized value of vulnerability. Vmax and Vmin are the
maximum and minimum vulnerability values, respectively.

Among them, the Pi calculation method takes the previous geological hazard statistical
samples of the study area as an example. A logistic regression statistical model is used
to determine the spatial and temporal probability of geological hazard risk in Longlin
Town based on the completion of regional geological hazard risk zoning. The Pi is 0.72
for 100-year rainfall conditions, 0.23 for 50-year rainfall conditions, and 0.08 for 50-year
rainfall conditions, respectively. After normalizing the risk and vulnerability of geohazards
in Longlin Town, the calculation method of Equation (13) is used to calculate the risk
probability of geohazards under different precipitation conditions. The comprehensive risk
degree of geohazards in Longlin Town is obtained by multiplying the normalized data of
hazard of geohazard chains and the normalized data of vulnerability of disaster-bearing
bodies. The risk evaluation results classification was conducted used by the method of
the natural breakpoint and characteristic points according to the risk characteristics of
geological hazards in Longlin Town and the objectives of risk control. The risk degree is
divided into four levels: very high risk (0.697~1), high risk (0.538~0.697), medium risk
(0.356~0.538), and low risk (0~0.356). The blocks of each risk level were indicated by
different spots based on the risk level classification standard, and the raster units of the
same risk level were combined to draw the geological hazard risk zoning map of Longlin
Town (Figure 9).
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The results show that the area of very high-risk zone, high-risk zone, medium-
risk zone, and low-risk zone under 100-year (1% frequency) precipitation conditions are
1.91 km2, 4.54 km2, 7.02 km2, and 24.93 km2, respectively. The area of the very high-risk
zone, high-risk zone, medium-risk zone and low-risk zone under 50-year (2% frequency)
precipitation conditions are 0.64 km2, 1.41 km2, 5.14 km2, and 31.21 km2, respectively. The
area of the very high-risk zone, high-risk zone, medium-risk zone and low-risk zone under
20-year (5% frequency) precipitation conditions are 0.15 km2, 0.64 km2, 3.32 km2, and
34.29 km2, respectively.

Under different rainfall frequencies, 75.23% of the areas always maintain low risk,
which is mainly the wasteland or forest where people are rarely found. The area suffered
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from geological hazards with very few and small scales, and danger and vulnerability and
the risk of damage caused by disasters are very low. Among in the 24.38% of the areas, risk
level increases with the decrease in rainfall frequency. For example, the risk level of Yuping
Village from medium-low risk gradually increases to high–very high risk under the rainfall
condition of from one rainfall in 20 years to one rainfall in 100 years. Therefore, regular
inspection and professional monitoring and early warning facilities are required to protect
people’s production and living safety. A total of 0.39% of the areas always remain very
high risk due to the wide distribution of geological hazards, large scale, strong destructive
power, concentrated distribution of population and property, high hazard and vulnerability,
such as Longlin Village, Shuandu Village, and the residential areas on both sides of the
Quanjia Bay ditch, which should strengthen risk control by immediately implement of
comprehensive disaster prevention projects.

5. Discussion
5.1. Disaster-Forming Pattern Identification Markers

The risk as assessment of urban geological hazards has improved the level of early
identification and prediction of risk areas and sources, mitigated the risk of geological haz-
ards at source effectively, and provided a scientific basis for territorial spatial planning and
geological hazard prevention and control. In order to better study the distribution character-
istics of geological hazards, assess their risk and strengthen the control of geological hazard
risks at source in complex mountainous cities, a refined risk assessment was conducted for
19 medium and large geological hazards in Longlin Town, such as the Quanjia Bay debris
flow and the Panping Village landslide. There are a total of 71 geological hazards were
identified in Longlin Town, the expression of characteristics, such as geological and poten-
tial hazard’s disaster environment, triggering factors and disaster-bearing bodies, and the
typical potential hazard’s morphological, deformation and situation, were realized through
the construction of the Three Investigations system and formation of the geological hazard
knowledge map. It plays an important role in improving the identification, monitoring and
early warning ability of geological hazards, solving the problem of where are the hidden
hazards effectively and strengthening the foundation of geological hazard risk control.

5.2. Development and Evolution of Disasters under Different Rainfall Scenarios

Influenced by the rainfall conditions, the area of very high and high risk increases as
the rainfall level upgrading, e.g., the area of very high risk in the study region is 6.45 km2

under 100-year rainfall conditions, which are 3.14, and 8.16 multiple more than that in
under 50-year and 20-year rainfall conditions, respectively. The area of high risk is 7.0 km2

under 100-year rainfall conditions, which are 2.36- and 5.47-fold higher than in under
50-year and 20-year rainfall conditions, respectively. Under different rainfall frequencies,
75.23% of the area always remained low risk, 24.38% of the area’s risk level increased with
decreasing rainfall frequency, and 0.39% of the area always remained very high risk. Our
research obtains the mapping of geological hazards and risk regionalization in the study
area under different precipitation frequencies. The results show that rainfall can not only
scour the loose accumulation of rock and soil bodies on the slope of landslides but also
exacerbate the deformation and damage of landslides by the formation of high dynamic
water pressure on the potential slip surface separated from water relatively. The area of very
high and high risk reaches the biggest under 100-year extraordinary rainstorm conditions,
it is indicated that rainfall has a very significant role in the induction of geologic hazard.
The geological conditions of the study area also impacted the occurrence of geological
disasters. The region is characterized by active neotectonics movement, discordant valley
landforms by the denudation and cutting strongly, complicated and broken rock structure,
and developed weak rock. The formation of soft and fluid plastic soften belt on the contact
surface between the soil and rock due to the strength of the soil and the lower part of
the soft rock is greatly reduced, which are induced landslides by reducing the stability of
the slope.
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5.3. Suggestions for Geological Hazard Risk Control

(1) Geological hazard risk control is a way to minimize the risk and possible loss
of geological hazards by evaluating the possible geological hazard risks and proposing
targeted risk control measures based on the systematic understanding of the geological
hazard risks formation process and mechanism, such as the cause, mechanical mechanism,
motion law and disaster formation mechanism, and the physical characteristics of different
types of geological hazards and their disaster formation characteristics. The general idea
and specific measures for mitigating the risk of geological hazards in the Longlin Town
catchment area are proposed to provide technical support for disaster prevention and
mitigation and land use spatial planning control.

(2) Comprehensively analyze the engineering geological conditions, engineering tech-
nical difficulty, and engineering cost of the risk section, and carry out engineering treatment
of high-risk geological hazard sites in a hierarchical and targeted manner to reduce geo-
logical hazard risks. According to the development law, movement characteristics and
disaster formation mode of geological hazard, based on the accurate judgment of geological
hazards and threat scope, in accordance with the principle of comprehensive analysis and
differentiation of priorities, the staff will implement step-by-step work such as engineering
treatment and risk-avoidance and relocation. Finally, taking into account the return on
investment and the conditions of implementation, appropriate measures are selected from
among the available mitigation approaches and technologies for effective disaster risk
management. Under different rainfall frequencies, taking the rainfall condition of one in
50 years as an example, a risk control chart (Figure 10) is established with a combination
of point and polygon with an Area Grid-based Double Control mechanism to realize the
organic combination of prevention and control of hidden hazard points and risk source
areas and to support and guide the dynamic risk control of geological hazards. After the
comprehensive risk control measures, the area of high and very high risk areas under
50-year rainfall conditions is reduced by 39.41%, among which the area of very high risk
areas can be reduced by 87.81%, the investment efficiency ratio of comprehensive risk
control is 80.78%, the risk reduction ratio of comprehensive risk control is 9.78%, and the
risk reduction effect of risk areas is good, and the risk reduction rate of comprehensive risk
control is 92.11%, and the risk reduction is obvious.

(3) It can reduce the probability of encountering disaster-bearing bodies and disaster
events as well as the value of geological hazard losses according to a series of works,
which were including strengthen the combination of monitoring and early warning by
general and specialization, carrying out popular science propaganda and technical training
continuously, improve the awareness level of the public, and standardize production and
living activities.

In the populated areas along the banks of West Hanshui and Hanjia Rivers, with
an area of approximately 3.55 km2 in the catchment area, we will improve the disaster
prevention knowledge and awareness of the residents in the affected areas through policies,
propaganda training and social management. Carrying out some work enhanced the ability
of group measurement and monitoring and emergency avoidance, which are strengthening
propaganda and training, professional guidance, inspection and control, and emergency
drills in flood and key areas. Further, the level of disaster prevention and mitigation can be
improved by summarizing the experience and lessons learned in disaster prevention and
mitigation and revising the behaviors, habits, and guidelines for disaster prevention and
mitigation continuously.
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Figure 10. Recommended map of Comprehensive Risk Control of Geohazard in Longlin Town (20a).

6. Conclusions

(1) This paper analyzes and studies the dynamic process and risk management and
control objectives of geological hazards, and puts forward the ideas and methods of
geological hazard risk assessment and control in complex mountainous cities and towns,
based on the identification of geological hazard risk source, research on geological hazard
formation mode, geological hazard risk analysis, evaluation of vulnerability of potential
disaster-bearing bodies, and proposals of geological hazard risk assessment and control
in the township area. The effective service support for residential area construction and
disaster prevention planning of disaster points is a double risk control technology method
worthy of popularization and application. After the comprehensive risk control measures,
the area of high and very high-risk areas under 50-year rainfall conditions are reduced by
39.41%, and the risk reduction ratio of comprehensive risk control is 9.78%, which is a good
risk reduction effect.

(2) Taking Longlin Town, Lixian County, Longnan Mountainous Area, a typical mid-
alpine valley landform, as an example, a total of 71 geological hazards were identified in
the study area through remote sensing identification and detailed investigation, includ-
ing 4 landslides, 53 landslides, 7 gully-type debris flows, and 7 slope-type debris flows.
Through the analysis of slope structure, rock, and soil mass structure characteristics, prop-
erties, and deformation, it is concluded that the main disaster modes of landslides in this
area are small-scale landslide collapse and overburden damage under the unloading effect
of the back wall of the old landslide, pushover damage under the excavation and erosion
effect of the middle front edge of the landslide, and secondary landslide slide damage
under the erosion of the side edge of the landslide. The main disaster mode of debris
flow is two types, gullying uncovered soil-siltation type damage slope runoff erosion slip
type-diffuse flow type damage. On this basis, an intuitive and visual early detection map
of landslides is constructed.
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(3) The hydrologic-fluid coupling model was used to simulate and analyze the impact
range and intensity of hazards under different precipitation conditions in the study area.
According to the three-level superposition of slope destabilization, landslide damage and
occurrence, the risk assessment of geological hazards in the study area was realized. The
results show that 75.23% of the area always maintain low risk under different rainfall
frequency, 24.38% of the regional risk level increases with the decrease in rainfall frequency,
0.39% of the areas always maintain extremely high risk, and the research results show that
the research areas should immediately implement a comprehensive disaster prevention
project to strengthen risk management and control.

The research on urban geological disaster risk prevention and control is still in the
initial stage, and in the future, it will further deepen and improve the risk analysis based
on the formation mechanism and disaster dynamic process. It is significant for improving
the risk control system, responsibility system and technical methods, strengthening the
investigation and hidden hazard identification ability of potential severe and major high-
level geological disasters, and attacking the multi-scale and multi-hazard risk development
and coordinated prevention and control technology.
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Abstract: Acid mine drainage (AMD) resulting from metal sulfide mining activities can lead to
contamination by potentially toxic elements (PTEs) primarily concentrated around the mining area
and gradually spreading outward. However, ecological risks do not correspond directly to PTE
concentrations, making it challenging to effectively manage the mining environment and accurately
prevent potential ecological impacts. In this paper, we analyzed Cd levels in sediments, soils,
and corresponding rice grains sampled from four villages near Dabaoshan Mine of Guangdong,
China, in 2017. Our results reveal that Cd is the most prominent pollutant element, exhibiting
significant enrichment and spatial heterogeneity in both soil and sediments and higher accumulation
levels in rice grains compared to other PTEs. Cd concentrations in soil decrease from the tailings
pond to the river terrace, with a slight increase after Taiping River joins and flows into the alluvial
plain. However, the concentrations in sediments show the opposite trend. The bioconcentration
factor (BCF) for Cd in agricultural soil from the river terrace is lower than that from the alluvial
plain and the degree of exceeding the maximum permit level (MPL) of Cd in rice grains increases
along the river. Mineral transformation and topography are important factors in controlling the
geochemical behavior of PTEs. Remediation efforts alter the physicochemical properties of the
river, resulting in the release of PTEs during schwertmannite transformation followed by their
adsorption by clay minerals. Furthermore, the random forest (RF) analysis highlights that the
bioavailability and potential ecological risk of Cd in soils are governed by the occurrence form of
Cd in different topographies, mainly controlled by TFe2O3, Mn, and CaO in the river terrace and
CaO, Al2O3/SiO2, and Mn in the alluvial plain. Therefore, considering the impact of topography on
mineral compositions, physicochemical properties, and occurrence form of PTEs in soil and sediments
is essential for assessing ecological risk in mining areas.

Keywords: PTEs; sulfide mines; soils; ecological risk; topography

1. Introduction

Mining and smelting of metal sulfides result in significant contamination by poten-
tially toxic elements (PTEs) in the surrounding environment, with characteristics of high
concentrations of PTEs, multiple contaminants, and large areas with significant ecological
risk [1,2]. Soils in mining areas have been contaminated with PTEs globally, posing a
major environmental issue in terms of agricultural soil and crop contamination near mining
areas [3–7]. Even after mining activities have ceased, PTEs from tailings still continue to be
released into the surrounding soil, streams, and groundwater over long periods of time
through erosion, weathering, and leaching processes [3].

Dabaoshan Mine is one of China’s major large−scale polymetallic sulfide mines [8].
Exploitation of mineral resources has produced a large quantity of tailings containing
sulfide minerals. These tailings are continuously oxidized to form acid mine drainage
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(AMD) rich in PTEs [9,10]. A large area surrounding the mine has been impacted, posing
a threat to the health of local residents [11,12]. The water and soil in 83 villages around
Dabaoshan Mine have become contaminated with PTEs, resulting in severe health issues
such as cardiovascular, kidney, nervous, blood, and skeletal diseases [13,14], and even
esophageal cancer, liver cancer, and other cancers [15,16]. To avoid further contamination,
mining activities were halted in 2016. In addition, in response to government policies,
mining companies have conducted a series of restoration efforts for AMD treatment,
including building mud impoundments to restrict the movement of waste and soil [17],
constructing sewage treatment plants [18], and adding lime to the rivers near the mine [19].

PTEs can enter the human body via various exposure pathways from contaminated
soil, leading to adverse health effects [20]. Although PTE contamination is primarily
concentrated around the mining area and gradually spreads outward, extensive research
has demonstrated that the areas with the highest human health risks do not align with the
areas exhibiting the highest PTE concentrations in soil [15,21–25]. In the Dabaoshan Mine
area, concentrations of PTEs in soils and suspended particles gradually decrease as distance
increases from the headwaters of the river [22,23]. Furthermore, PTEs are characterized
by high potential bioavailability owing to the high non−residual fractions of PTEs in the
sediments and soil [24], and the average concentrations of Cd and Pb in rice grains grown
near the mining area exceed the maximum permit levels (MPLs) [25]. Shangba Village
is the highest risk area, with Cd being the main pollutant contributing to human health
risks, while the risks near the tailings area are within acceptable ranges according to human
health risk assessments [21,24]. Areas farther away from the mining area exhibit higher
toxicity and greater ecological risks, indicating no obvious correspondence between PTEs
in soil and crops, and posing challenges for effective pollution control and risk prevention
in mining areas. In addition, the distribution and migration of PTEs around the Dabaoshan
Mine after restoration efforts have been rarely studied. Therefore, the objectives of this
study were to (1) investigate the characteristics, spatial distributions, and migration of Cd
in the environment surrounding the mine, and (2) identify the key factors governing the
spatial distributions and bioavailability of Cd.

2. Materials and Methods
2.1. Study Area

Dabaoshan Mine is the largest mine in southern China, and is located in Shaoguan City,
Guangdong Province, China (24◦31′37” N, 113◦42′49” E) [8,26]. The Dabaoshan Mine
spreads from north to south, with higher elevations in the north (800–1200 m) and lower
elevations in the south, including low hills and alluvial plains [27]. The region has a subtrop-
ical monsoon climate, with an average annual temperature of 20.3 ◦C and an average annual
precipitation of 1782 mm [28]. Dabaoshan Mine is a well−known large−scale multi−metal
sulfide mine with low−temperature mineralization. The main mineralization includes
limonite in the upper part, copper−sulfur ores in the middle part, and lead−zinc ores in
the lower part, along with non−ferrous metals such as tungsten, bismuth, molybdenum,
gold, and silver [29,30].

Since the 1970s, large−scale mining activities have been carried out in the area, result-
ing in the generation of large amounts of AMD from the waste stacking, ore beneficiation,
and washing processes [31]. AMD is discharged from the water outlets of the Tielong and
Caoduikeng tailings ponds and flows into the Hengshi and Fanshui Rivers, which converge
1.6 km north of Liangqiao Village before entering the mainstream Hengshi River. The river
flows through several villages, including Liangqiao Village (LQ, ~5 km), Tangxin Village
(TX, ~9 km), Yanghe Village (YH, ~12 km), and Shangba Village (SB, ~15 km), before it joins
the Taiping River, which is not directly affected by mining activities. Shangba Village is
known as an endemic cancer village due to its high mortality rate [25]. For this study, we
defined the LQ–SB section of the Hengshi River as the upstream area of the Hengshi River.
The LQ–TX area has mainly hills and terraces accompanied by high river flow velocity due
to a drop in elevation and a narrow valley, while the YH–SB area has mainly alluvial plains,
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where the riverbed gradually widens and the slope is very gentle [32]. The geological
map is shown in Figure S1. Granite outcrops are present and the surface rocks are highly
weathered. The study area is covered with quaternary alluvium along Hengshi River and
the predominant soil type is laterite [13].

2.2. Sampling

The sampling sites are shown in Figure 1. Sampling was carried out in July 2017 during
the rainy season. Six natural forest soil samples were collected in the upstream area of the
Hengshi River, including one from TX, two from YH, and three from SB. The sampling
depth was 0–20 cm and the sampling density was 4 points/km2. Four to six subsamples
were collected according to the “S” or “X” sampling method. After removing roots and
other debris, they were thoroughly mixed and divided into four parts with 1.0–1.5 kg per
subsample, which were then placed in sample bags. After drying in a cool place and
removing debris, the samples were smashed with a rubber hammer, ground, and sieved
through a 10−mesh nylon sieve, and mixed well; each sample weighed >100 g. The samples
were then placed in clean polyethylene bags and sent to the laboratory for analysis.
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Figure 1. Sampling sites from the upper Hengshi River through the Dabaoshan Mine.

During the rice harvesting period, 18 rice grains and corresponding agricultural soil
samples were collected, including 4 from LQ, 4 from TX, 5 from YH, and 5 from SB.
Between 3 and 5 soil subsamples were collected at each sampling point and 5–20 plants
were collected at each subsample point. The soil and plant subsamples were then mixed
into composite samples. The whole rice plant was pulled out of the ground and the ears of
rice were cut and placed in clean mesh bags. The root soil was shaken into a clean cotton
bag. The ears of rice were air dried in a cool, ventilated, clean, and dust−free place. The
panicle was then threshed, removing impurities and husks, ground with an agate mortar
to 60 mesh (<0.25 mm), mixed well, and used for further chemical analysis. Plant residues,
such as straw and other non−soil components, were removed from the soil samples, and
then the samples were air dried. The soil was regularly turned over and beaten during this
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process. All soil components were sieved through a 10−mesh nylon sieve and mixed well
for further chemical analysis.

Seven sediment samples were collected from the Hengshi River. During the collection
process, sand was avoided as much as possible, and surface sediments were collected from
the 0–5 cm horizon, sealed in polyethylene plastic bags, and numbered. The pH of the river
water at the sampling sites was measured and recorded with a handheld pH meter. After
air drying, the river sediment samples were sieved through a 10−mesh nylon sieve and
ground with a pollution−free ball mill to 200 mesh for analysis.

2.3. Chemical Analysis

Sample analysis was conducted by the Hefei Mineral Resources Supervision and
Testing Center, the Ministry of Land and Resources, People’s Republic of China. The oxides
content was measured directly by wavelength dispersive X−ray fluorescence spectrometry
(PANALITICA AXIOS PW4400, Almelo, The Netherlands). Soil samples were dissolved
using a mixed acid solution (5 mL HCl, 3 mL HNO3, 7 mL HF, and 0.25 mL HClO4) and
then the samples were dissolved using aqua regia and made up to a volume of 25 mL
using high−purity water. Soil samples weighing 5 g were extracted with 50 mL of 0.01 M
CaCl2 solution. After centrifugation for 10 min, the supernatant was filtered. Rice grains
were washed with deionized water, dried at 105 ◦C for 5 min, and dried at 70 ◦C to a
constant weight. The plant samples were ground using a stainless−steel grinder and then
dissolved using a mixed acid solution (HNO3:HClO4 = 4:1) until a transparent and clear
solution was obtained. Concentrations of Cd, Pb, and Zn in the above solutions were
determined using inductively coupled plasma mass spectrometry (ICP−MS) (X−SERIES
II, Thermo Fisher Scientific, Waltham, MA, USA) [33]. For soil pH measurement, 10 g of
an air−dried soil sample passed through a 2 mm sieve was weighed precisely to 0.01 g
and added to a 50 mL high−form beaker. Then, 25 mL of decarbonated water was added
(sample to liquid ratio 1:2.5) and the mixture was stirred for 1 min to disperse the sample
particles. After standing for 30 min, the soil pH was measured. The cation exchange
capacity (CEC) was measured using the BaCl2−H2SO4 method. Soil organic matter (SOM)
was measured by wet oxidation in an acid dichromate solution, followed by back titration
of the remaining dichromate using a ferrous ammonium sulfate standard solution. National
standard materials, GBW07405/GBW07458, GBW07304a, and GBW10010 were used to
control the data accuracy for soil, sediment, and rice, respectively, and coded samples were
added to control the precision of the data. The detailed quality control analysis of data is
shown in Supporting Information, and all analytical data met the quality requirements.

2.4. Data Analysis

Basic descriptive statistics were derived to summarize the concentrations of major ele-
ments and Cd, Pb, and Zn in the study area. Descriptive statistics and Pearson correlations
were analyzed using SPSS 26 (IBM SPSS Statistics). Pearson correlation analysis estimates
the linear relationship between two variables. The analysis renders correlation coefficients
ranging from −1 to 1, where −1 indicates a perfect negative linear relationship, 0 indicates
no correlation, and 1 indicates a perfect positive linear relationship.

Linear regression fit analysis was performed using Origin 2020 (Origin lab Corpora-
tion). The cumulative probability distributions were fitted by a logistic function as follows:

y = 1/(1 + exp((a − x)/b)

where y is the probability of a given value of x, and a and b are constants.
Random forest analysis was performed using R software (version 4.2.2). Random

forest (RF) is a machine learning algorithm that can be used to assess the relative importance
of independent variables on a dependent variable [34]. As part of the bootstrap resampling
procedure, n samples were randomly selected from the training set to construct decision
trees. Meanwhile, a random selection of k (k ≤ total number of features) candidate features
was performed, and the optimal attribute was selected as the split node [35].
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Geographical distribution maps were generated using ESRI−ArcGIS geospatial soft-
ware (version 10.8).

3. Results
3.1. Concentrations of PTEs in Soils and Sediments

Cd, Pb, and Zn concentrations in natural forest soils, agricultural soils, and sediments
in the upper Hengshi River are shown in Figure 2. The corresponding oxides and physico-
chemical properties are shown in Tables S3–S5. The average concentrations of Cd, Pb, and
Zn in sediments are 10.31 mg/kg, 455.01 mg/kg, and 1943.97 mg/kg, respectively. The av-
erage concentrations of Cd, Pb, and Zn in natural forest soils are 0.73 mg/kg, 293.13 mg/kg,
and 241.90 mg/kg, respectively. The average concentrations of Cd, Pb, and Zn in agricul-
tural soils are 0.50 mg/kg, 96.42 mg/kg, and 179.99 mg/kg, respectively. Using the risk
screening values (RSVs) and risk intervention values (RIVs) for Cd, Pb, and Zn shown in
Table S1 as standards [36], 67% and 53% of the natural forest soils and agricultural soils
exceed the Cd risk screening values (RSVs), respectively. A total of 17% of the natural forest
soils exceed the Pb risk intervention values (RIVs), while 33% of the natural forest soils
exceed the RSV of Pb. A total of 43% of the agricultural soils exceed the RSV of Pb, and 33%
and 47% of the natural forest soils and agricultural soils exceed the RSV of Zn, respectively.
Cd is the most serious pollutant in the soils around the Dabaoshan Mine, followed by Pb
and Zn. Compared with natural forest soils, the degree of PTE pollution in agricultural
soils is lower.

The potential ecological risks of PTEs in sediments were assessed using the threshold
effect level (TEL) and probable effect level (PEL) recommended by Sediment Quality
Guidelines (SQGs) [37]. When PTEs concentrations are below the TEL, they are considered
to pose no or low ecological risk. PTEs concentrations between the TEL and PEL indicate a
moderate ecological risk, while concentrations surpassing the PEL indicate a high ecological
risk. TELs and PELs for Cd, Pb, and Zn are given in Table S2. Concentrations of Cd, Pb,
and Zn in sediments of the upper Hengshi River (Figure 2) are higher than their PELs,
indicating a high ecological risk with potential toxic effects on aquatic organisms.

Spatial variations in PTEs concentrations in soils and sediments are shown in Figure 3.
Contrary to previous studies, the concentrations of PTEs do not exhibit a consistent de-
crease [22,23]. Concentrations of Cd, Pb, and Zn in agricultural soils gradually decrease
from 1.08 to 0.19 mg/kg from LQ near the mining area to TX, then show a significant
positive peak near YH and decrease near SB. Natural forest soils show an overall trend
of gradually increasing near TX, then sharply decreasing near YH. Concentrations of Cd,
Pb, and Zn in sediments increase from 5.29 to 20.22 mg/kg from LQ to TX, then sharply
decrease near YH and gradually increase again near SB.

3.2. Concentrations of PTEs in Rice Grains

Cd concentrations in rice grains in the upper Hengshi River range from 0.014 mg/kg
to 2.69 mg/kg with an average value of 1.03 mg/kg, with 95.24% exceeding maximum
permit levels (MPLs) (0.20 mg/kg) for rice grains [38]. Concentrations of Pb and Zn in rice
grains range from 0.02 to 0.39 mg/kg, and from 15.6 to 23.9 mg/kg, with average values
of 0.12 mg/kg and 18.99 mg/kg, respectively. There are no rice grain samples in which
concentrations of Pb and Zn exceed MPLs (Table 1). The degree of exceeding the MPL of
Cd in rice grains from river terrain ranges from −93% to 290%, with a median value 238%.
The degree of exceeding the MPL of Cd in rice grains from alluvial plains ranges from 258%
to 1245%, with a median value 573%.
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Figure 2. The boxplots for the concentrations of Cd, Pb, and Zn in agricultural soils, natural forest 
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Figure 2. The boxplots for the concentrations of Cd, Pb, and Zn in agricultural soils, natural forest
soils, and sediments in the study area (RSV: risk screening value, RIV: risk intervention value, TEL:
threshold effect level, PEL: probable effect level).
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Figure 3. The spatial variation in Cd, Pb, and Zn content in different media and elevations in the
study area, including agricultural soils (a), natural forest soils (b), and sediments (c). (Brown dash
line: the boundary of topography; black dash line: the boundary of villages. LQ: Liangqiao Village,
TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).
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Table 1. Statistical summaries of Cd, Pb, and Zn concentrations in rice grains from the study area
(mg/kg).

Min Max Mean Median SD Coefficients
Variation MPL * Exceedance

Rate (%)

Cd 0.014 2.69 1.03 0.76 0.60 0.59 0.20 95.24%
Pb 0.02 0.39 0.12 0.08 0.08 0.72 0.40 0
Zn 15.60 23.90 18.99 18.64 1.75 0.09 50.00 0

Note(s): * MPL: The Chinese maximum permit levels (MPLs) for rice grains [38].

The concentration of Cd in rice grains and corresponding agricultural soils is shown
in Figure 4. Except for FLS08, the concentration of Cd in rice grains gradually increases
from the tailings pond to YH, reaches the maximum value near YH, and then gradually
decreases. The variation characteristic of Pb in rice grains is similar to that of Cd. There
is no obvious positive correlation between concentrations of PTEs in rice grains and in
corresponding agricultural soils.
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Figure 4. The spatial variation in Cd concentrations in rice grains and corresponding agricultural soils
from the study area. (Brown dash line: the boundary of topography; black dash line: the boundary of
village. LQ: Liangqiao Village, TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).

4. Discussions

According to our results, although Cd, Pb, and Zn in sediments posed high ecological
risk, Cd and Pb concentrations in soils were both lower than the risk intervention value,
while in less than half of the soil, Zn exceeded the risk screening value, indicating there is
no strict control area in Dabaoshan Mining area. However, the Cd concentration in 95.24%
of rice grains exceeded the MPL, while concentrations of Pb and Zn in rice grain were
found to be safe. These results demonstrate that, under a series of restoration efforts, the
ecological risks posed by Pb and Zn have been gradually reduced and Cd contamination
is the most severe in soils and rice grains around Dabaoshan Mine. Furthermore, the
coefficients of variation in Cd, Pb, and Zn concentrations in rice grains (Table 1) revealed
that Zn presented no significant spatial variation and Cd and Pb have similar variation
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characteristics. Therefore, in the following discussions, we focus on the factors affecting the
Cd geochemical behavior in sediments, soil, and the soil–rice system.

4.1. Factors Affecting Cd Geochemical Behavior in Sediments

Cd concentrations in sediments increase from the tailings pond to the river terrace
approximately 10 km away, then slightly decrease after Taiping River joins and flows into a
small alluvial plain (Figure 3c). Cd is influenced by multiple geochemical processes during
its migration and deposition in the river, including adsorption–desorption, hydraulic trans-
port, and co−precipitation. Large amounts of AMD with low pH and high concentrations
of PTE ions were produced by natural weathering and mining activities at Dabaoshan
Mine, which changed the basic physicochemical properties of water and sediments in the
Hengshi River and significantly affected the geochemical behavior of Cd in the river.

An important driving force for migration of PTEs in the river is hydraulic conditions,
which are directly related to the elevation change of the river caused by topography. As the
Hengshi River flows downstream along the valley, there is a significant decrease in river
elevation, from 175 to 128 m. The river channel is narrow and river flow velocity is high in
the section of the river terrace from LQ to TX. The riverbed gradually widens and the slope
becomes very gentle in the alluvial plain section from YH to SB.

Cd in both dissolved and suspended forms originating from the tailings pond is not
easily deposited in the river terrace and can accumulate in the alluvial plain, as supported
by previous studies (Figure 3) [17,39,40].

The pH of water and the presence of secondary minerals in the river are also important
factors controlling the migration of Cd in the upper Hengshi River. Figure 5 shows the
changes in water pH under restoration efforts in the study area. In 2012, the water in
Tielong tailings pond had an extremely low pH of approximately 2.39–2.81, primarily
due to mine waste and runoff from the surrounding hills [41]. Since the Hengshi River
flows through a very narrow valley with limited surface runoff, there is a lack of dilution
in the river terrace. Cd in the river water migrated downstream in the form of divalent
free ions or complexed compounds [26]. During the time of our sampling, the pH of the
river water increased due to restoration measures, such as adding lime to the river, and
the dilution effect of the Taiping River which is not contaminated by mining activities.
However, the presence of various secondary minerals also plays a vital role in adsorption
and migration of Cd in the river, which are susceptible to variation in pH. Schwertmannite
is a hydroxy sulfate mineral that commonly exists in AMD, with a chemical formula of
Fe8O8(OH)8 − 2x(SO4)x 1 ≤ x ≤ 1.75 [42]. Schwertmannite exhibits a very high affinity for
PTEs and has been observed in Hengshi River sediments [43,44]. Cd may co−precipitate
and enter the solid phase during formation of schwertmannite and can be incorporated
into the mineral lattice under very acidic conditions. However, as the pH of river water
gradually increases, schwertmannite will gradually transform into more stable minerals
such as goethite and ferrihydrite, causing Cd to be re−released predominantly in ionic
form and absorbed in clay minerals [41,43].

4.2. Factors Affecting Cd Geochemical Behavior in Soil

The concentrations and distributions of Cd, Pb, and Zn in natural forest soils and
agricultural soils show minimal differences (Figure 2). Cd, Pb, and Zn concentrations in
agricultural soils are generally lower than those in natural forest soils within the same
village, indicating that agricultural activities have not exacerbated Cd, Pb, and Zn pollution
in the soils. The estimated contribution of fertilizer to soil Cd is only 1.21% based on input
fluxes of Cd to agricultural soil near the Dabaoshan Mine [32]. Instead, crop harvesting
may remove PTEs from soil. Therefore, PTEs in soils around Dabaoshan Mine are less
influenced by anthropogenic activities, and AMD resulting from mining activities is likely
the main source [45].

171



Water 2023, 15, 2223

Water 2023, 15, x FOR PEER REVIEW  10  of  20 
 

 

increases, schwertmannite will gradually transform into more stable minerals such as goe-

thite and ferrihydrite, causing Cd to be re−released predominantly in ionic form and ab-

sorbed in clay minerals [41,43]. 

 

Figure 5. The spatial variation in river pH in 2012 [41] and in 2017 corresponding to sediments in 

the study area (brown dash line: the boundary of topography; black dash line: the boundary of vil-

lage. LQ: Liangqiao Village, TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village). 

4.2. Factors Affecting Cd Geochemical Behavior in Soil 

The concentrations and distributions of Cd, Pb, and Zn  in natural  forest soils and 

agricultural soils show minimal differences (Figure 2). Cd, Pb, and Zn concentrations in 

agricultural soils are generally  lower  than  those  in natural forest soils within  the same 

village, indicating that agricultural activities have not exacerbated Cd, Pb, and Zn pollu-

tion in the soils. The estimated contribution of fertilizer to soil Cd is only 1.21% based on 

input fluxes of Cd to agricultural soil near the Dabaoshan Mine [32]. Instead, crop har-

vesting may remove PTEs from soil. Therefore, PTEs in soils around Dabaoshan Mine are 

less influenced by anthropogenic activities, and AMD resulting from mining activities is 

likely the main source. [45]. 

Cd concentrations in soil showed the opposite trend to that in sediments (Figure 3a,b). 

The concentrations of Cd in soils are strongly affected by physicochemical properties of 

soil, including clay minerals and Fe−Mn oxides [46,47]. The Al2O3/SiO2 ratio is an indicator 

of soil maturity, where higher values indicate finer soil texture and higher clay particle 

content [48]. The spatial variations in oxides, Al2O3/SiO2, CEC, and pH in agricultural soils 

are shown in Figure 6. 

Figure 5. The spatial variation in river pH in 2012 [41] and in 2017 corresponding to sediments in the
study area (brown dash line: the boundary of topography; black dash line: the boundary of village.
LQ: Liangqiao Village, TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).

Cd concentrations in soil showed the opposite trend to that in sediments (Figure 3a,b).
The concentrations of Cd in soils are strongly affected by physicochemical properties of soil,
including clay minerals and Fe−Mn oxides [46,47]. The Al2O3/SiO2 ratio is an indicator
of soil maturity, where higher values indicate finer soil texture and higher clay particle
content [48]. The spatial variations in oxides, Al2O3/SiO2, CEC, and pH in agricultural
soils are shown in Figure 6.

In the river terrace, Al2O3/SiO2 of agricultural soils shows a gradual decrease in the
downstream direction, along with decreasing concentrations of oxides, CEC, and pH, which
exhibit similar spatial distributions as those of Cd in agricultural soils (Figure 6). However,
in the alluvial plain, Al2O3/SiO2 of the agricultural soils gradually increases, while the
concentration of TFe2O3 gradually decreases. The spatial patterns of these indexes in the
agricultural soils do not align with spatial distributions of Cd concentrations, indicating
that Cd concentrations in agricultural soils in the river terrace and alluvial plain may be
affected by different factors.
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Figure 6. The spatial variation in oxides, Al2O3/SiO2, CEC, and pH in agricultural soils from the
study area ((a): K2O, TFe2O3 and Mn; (b): Na2O, Al2O3, MgO and CaO; (c): CEC and pH. Brown
dash line: the boundary of topography; black dash line: the boundary of village. LQ: Liangqiao
Village, TX: Tangxin Village, YH: Yanghe Village, SB: Shangba Village).
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Random forest (RF) is a machine learning algorithm that can be used to assess the
relative importance of soil physicochemical properties on Cd concentrations in soil [34].
In river terrace soils, TFe2O3, Mn, and CaO were identified as the most important factors
affecting Cd concentration, with importance scores of 10.15%, 10.40%, and 9.72%, respec-
tively (Figure 7). The steep slopes in the riverbed promote oxidation of the river water
and the formation of Fe−Mn oxides. However, these conditions hinder sedimentation,
resulting in colloids and oxides being transported downstream and deposited in more
favorable locations [49]. The presence of CaO in the soil can reduce the solubility of Cd
ions and decrease migration of Cd in the soil [50]. In the alluvial plain, the primary fac-
tors affecting Cd concentration in the agricultural soils are CaO, Al2O3/SiO2, and Mn,
with importance scores of 8.56%, 7.53%, and 7.22%, respectively. The score of TFe2O3 is
only 1.90%, indicating that the influence of Fe oxides on Cd concentrations in the alluvial
plain is relatively small. Decreased water flow velocity in the alluvial plain results in the
preferential deposition of sand and silt, while fine−grained clay minerals migrate further,
leading to a gradual increase in Al2O3/SiO2 in agricultural soils, providing more adsorp-
tion sites for Cd [51]. The inflow of the Taiping River may be an important factor causing
a gradual decrease in TFe2O3 concentration of the agricultural soils in the alluvial plain
(Figure 6a). The Taiping River is not impacted by mining activities, and has the Ca−HCO−3
water quality type and a pH of about 7.09 [8]. The water pH of the upper Hengshi River
gradually increases because of the dilution by the Taiping River (Figure 5). At the same
time, schwertmannite minerals are metastable. When the water pH increases, SO2−

4 is
gradually released from the schwertmannite mineral structure and is easily transformed
into stable crystalline Fe oxide minerals (ferrihydrite, goethite, etc.) in the river, releasing a
large amount of Cd [52,53]. This released Cd does not enter the structure of newly formed
Fe oxide minerals and instead is adsorbed onto the surface of clay minerals in the form of
ions [54].

4.3. Factors Influencing Migration of Cd in the Soil−Rice System

The ability of plants to absorb Cd from soil depends on bioavailability, which is
influenced by various parameters such as pH, Eh, SOM, and Ca and Fe concentrations.
The bioavailable concentration of Cd in soil is defined as the amount that is extractable by
0.01M CaCl2, representing the most labile fraction [55]. The bioconcentration factor (BCF)
represents the ability of rice grains to accumulate Cd from the agricultural soils, and is
calculated using the following formula:

BCFCd = Cgrain/Csoil

where Cgrain is the Cd concentration in rice grains and Csoil is the Cd concentration in the
corresponding agricultural soil.

The BCF for Cd in agricultural soil from the river terrace is lower than that from the
alluvial plain and the degree of exceeding the MPL of Cd in rice grains increases from 238%
to 573% along the river. The cumulative probability distribution curves for the proportion
of CaCl2−extracted Cd in soil and BCFCd in rice grains were fitted using a logistic function
(Figure 8). Variations in BCFCd and proportion of CaCl2−extracted Cd in soil are large,
about 1–2 orders of magnitude, indicating significant spatial variations in the bioavailability
of Cd in the study area. The mean values of BCFCd and proportion of CaCl2−extracted Cd
in the river terrace are lower than those in the alluvial plain, which indicates that Cd in
agricultural soils posed greater potential ecological risk.
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Figure 7. Importance scores of soil physicochemical properties influencing Cd concentration in soils
from the river terrace and alluvial plain based on random forest (RF) analyses (unit: %).

Pearson correlation coefficients were calculated after logarithmic transformation (ex-
cluding pH) between BCFCd and soil physicochemical properties to better understand
the factors affecting the bioavailability of Cd in agricultural soil (Table S6, Figure 9). In
this diagram, the closer the dot to the center, the higher the negative correlation between
each variable and Cd. In addition, the mazarine dot and azury dot represent significant
correlations at p < 0.01 and p < 0.05, respectively. The BCFCd was found to have a signifi-
cant negative correlation with Al2O3/SiO2, K2O, CaO, and MgO in agricultural soil. Soil
clay minerals provide the main adsorption sites for Cd. The lower Al2O3/SiO2 facilitates
Cd desorption reactions, greatly increasing the bioavailability of Cd due to deposition
sorting [41]. A decrease in clay mineral content also leads to lower CEC in soil, reducing
exchangeable sites for PTE ions and increasing the activity of Cd [56].

An increase in the Ca2+ concentration in soil solution can reduce the solubility of Cd2+,
thereby reducing the bioavailability of Cd [57]. The high concentrations of Ca2+ and Mg2+

in the Taiping River result in precipitation of gypsum, which reduces the concentration of
Ca2+ in soil solution [43].
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Fe−Mn oxide can promote adsorption of Cd2+ in soil solution, thereby reducing
its bioavailability [58]. As previously described, Cd ions can co−precipitate with iron
oxides such as schwertmannite and be re−released under phase transformations of these
metastable minerals, increasing their activity. Meanwhile, reducing conditions caused by
agricultural irrigation promote the reduction and dissolution of Fe−Mn oxides, enhancing
the mobility and bioavailability of PTEs in the soil.

pH and SOM in the study area did not have a significant impact on the concentration
and bioavailability of Cd in soil (Figures 7 and 8). On the one hand, pH can affect dynamic
adsorption of Fe−Mn oxides on the surface of clay minerals. Ponthieu et al. [59] showed
that when pH < 5.5 (such as on the YH–SB alluvial plain), Cd does not significantly adsorb
onto amorphous iron oxides or goethite. Under very low pH conditions, negatively charged
sites on the surface of clay minerals can be completely protonated, preventing binding of
Cd to these sites [13]. On the other hand, binding of Cd ions to SOM is also controlled
by pH. Previous research has shown that a pH change of at least 1–2 units is necessary to
observe any effect of SOM on PTEs ions [60,61]. The relatively narrow pH range in the
study area (∆pH < 1.5) makes it challenging to accurately assess the impact of SOM on
PTEs ions such as Cd.

Therefore, the decreases in clay mineral content due to deposition sorting and phase
transformations of schwertmannite are indeed important factors that increase the bioavail-
ability and ecological risk of Cd in alluvial plains. The resulting high Cd concentration in
rice grains has led to an increase in the incidence of cancer.

4.4. Suggestions for Prevention and Control of PTE Contamination near Sulfide Mines

Properly managing sulfide mines with a science−based approach is crucial for the ad-
equate treatment of environmental pollution and the effective prevention of ecological risk.

A series of restoration plans have been implemented in the areas affected by Dabaoshan
Mine to reduce the impact of the mining activities on downstream ecosystems, including
the construction of a sewage treatment plant [18], mud impoundment [17], and adding
lime to the rivers near the mine [19]. Construction of the sewage treatment plant and mud
impoundment has effectively improved the water quality of the Hengshi River in the dry
season. However, the mud impoundment has gradually become full over time and AMD
overflows during the rainy season, and the reactivation of PTEs in sediment has increased
PTEs concentrations in the Hengshi River [30]. Although the addition of lime promotes
the precipitation and adsorption of PTEs in river water, reducing their mobility [19], the
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increase in water pH may trigger the phase transformation of schwertmannite, releasing
PTEs and increasing ecological risks.
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Figure 9. Correlation between the bioconcentration factor of Cd (BCFCd) and soil properties in
agricultural soils from the study area.

Our study reveals significant differences in the concentrations and bioavailability
of Cd in soils between river terraces and alluvial plains, along with their influencing
factors. Therefore, classifying the surrounding environment of the sulfide mine according to
topography can more precisely treat mining pollution, improve ecological risk prevention,
and reduce PTE contamination of agricultural soil. In river terraces, it is recommended
to reduce PTE loads through natural attenuation, relying on the environmental resilience,
and to continuously monitor PTE concentrations in various environmental media [62]. In
alluvial plains, plant restoration can be employed by introducing aquatic plants (such as
reeds and cattails) in low−flow areas to stabilize sediment and absorb PTEs. Additionally,
dredging can be used to remove contaminated sediment to avoid secondary release caused
by changes in physiochemical conditions.

5. Conclusions

This study focused on the spatial distributions of Cd, Pb, and Zn in sediments and
soils of Dabaoshan Mine, as well as the associated ecological risks after restoration efforts.
The following conclusions were reached:

(1) Cd is the most prominent pollutant element, exhibiting significant enrichment and
spatial heterogeneity in both soil and sediments, and higher accumulation levels in
rice grains, in the Dabaoshan Mine area.
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(2) The spatial distributions of Cd in sediments and soils are governed by topography,
water velocity, channel width, change in physicochemical properties, and mineral
composition of the upper Hengshi River.

(3) Areas posing the highest human health risks do not align with areas exhibiting the
highest PTE concentrations in soil. Restoration efforts aimed at mitigating pollution
may inadvertently alter the physicochemical properties of the river, leading to the
transformation of schwertmannite, which affects the occurrence form of Cd and
ultimately increases the potential ecological risk of Cd in soils within the alluvial plain.

(4) Although a series of restoration plans have been implemented, the Cd contamination
problem in rice grains still persists. Taking topography into consideration when
assessing the ecological risk of PTEs can enable effective pollution control and accurate
prevention of potential ecological risks in the mining area.
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Abstract: Mining of mineral resources exposes various minerals to oxidizing environments, especially
sulfide minerals, which are decomposed by water after oxidation and make the water in the mine area
acidic. Acid mine drainage (AMD) from mining can pollute surrounding rivers and lakes, causing
serious ecological problems. Compared with traditional field surveys, unmanned aerial vehicle
(UAV) technology has advantages in terms of real-time imagery, security, and image accuracy. UAV
technology can compensate for the shortcomings of traditional technology in mine environmental
surveys and effectively improve the implementat ion efficiency of the work. UAV technology has
gradually become one of the important ways of mine environmental monitoring. In this study, a
UAV aerial photography system equipped with a Red, Green, Blue (RGB) camera collected very-
high-resolution images of the stone coal mining area in Ziyang County, northwest China, and
classified the very-high-resolution images by support vector machine (SVM), random forest (RF),
and U-Net methods, and detected the distribution of five types of land cover, including AMD, roof,
water, vegetation, and bare land. Finally, the accuracy of the recognition results was evaluated
based on the land-cover map using the confusion matrix. The recognition accuracy of AMD using
the U-Net method is significantly better than that of SVM and RF traditional machine-learning
methods. The results showed that a UAV aerial photography system equipped with an RGB camera
and the depth neural network algorithm could be combined for the competent detection of mine
environmental problems.

Keywords: acid mine drainage; mining environmental survey; unmanned aerial vehicle; support
vector machine; random forest; U-Net

1. Introduction

Acid mine drainage (AMD) is an environmental phenomenon caused by mining,
which may be related to mining activities that artificially expose a large amount of sulfide
minerals to the weathering conditions of the earth’s surface and form low-pH water under
the chemical reaction process involving oxygen, water, and microorganisms. AMD has been
defined in previous studies as the process of oxidation of sulfide minerals to form low-pH
drainage water [1]. This acidic water with toxic elements could significantly influence the
health of natural ecosystems and the survival of aquatic organisms. The main areas affected
by AMD are generally rivers, lakes, estuaries, and coastal waters. The formation of AMD
always occurs during a long period taking from years to decades, and its environmental
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impact could last for centuries [2]. Therefore, this environmental problem requires long-
term monitoring and sustained remediation. In order to monitor the spatial distribution
and intensity of AMD pollution, some efforts have been made, mainly with systematic
sampling and laboratory analysis of surface water and sediments. Then, interpolation
results are scattered to draw pollution distribution and evaluation maps [3,4]. However,
this method is suitable for scientific research and detailed investigation, which require high
test results. It is time-consuming, expensive, and covers limited spatial scale for the daily
monitoring work of local environmental regulatory authorities.

In many metallic and coal mines of the United States, China, and Russia, the oxidative
breakdown of iron-containing sulfide minerals releases ferrous iron and the energy that
microbes depend on for survival [5–7]. The ferrous iron continues to be oxidized to ferric
iron and produces more sulfuric acid [8,9]. The solubility of ferric iron at near-neutral pH is
low, at which point iron hydroxide solids are rapidly formed. Iron hydroxide precipitation
can be regarded as evidence for the presence of AMD [2]. It also has the characteristic
of adsorbing toxic metals from AMD. The alteration of ferrous iron can produce a series
of secondary minerals such as goethite, hematite, and jarosite, which usually appear
orange [10]. The pH value plays a crucial role in secondary mineral precipitation, where
goethite forms at a pH of between 2 and 12, and hematite forms at a pH of between 7
and 9 [11,12]. The jarosite usually produces at a low pH value (between 1 and 3) [13]. A
group of secondary mineral products appears orange to red in color, according to their high
concentrations of ferric iron. This characteristic has been previously known as a gossan, a
significant remote-sensing detection marker for ore exploration [14–17].

Previous studies have proved that remote-sensing technology facilitates many envi-
ronmental monitoring efforts [18–20]. Multispectral and hyperspectral sensors have been
widely used due to the obvious reflectance variation of minerals such as hematite and
goethite in the visible to short-wave infrared region of the electromagnetic spectrum [21,22].
These studies are based on a wide range of spatial scales, which are determined by data-
collection platforms including satellite remote-sensing technology for water source pro-
tection [23,24]. The indirect estimation of pH values of mine waste [25–28] and iron oxide
precipitation on the riverbed mainly used aerial remote sensing [29]. Other studies have
collected AMD minerals, performed spectroscopic tests indoors, and established a reference
spectroscopic library of iron minerals [30,31]. A multi-rotor UAV carrying a hyperspectral
sensor supplies images with both high spatial and high spectral resolution that is better
than that of most satellite data [32]. However, hyperspectral and multispectral sensors are
not suitable for routine monitoring due to their expensiveness and scarcity. At present,
a multi-rotor UAV system with a Red, Green, Blue (RGB) color digital camera has been
rapidly developed due to its low price and flexible application direction, and is widely used
in land resources and in geological, environmental, and other industrial mapping. The
application research of a UAV system with an RGB color digital camera in acid drainage
investigation in mines has not been comprehensively discussed yet.

The purpose of this study is to collect aerial remote-sensing data from stone coal
mines in Qinling Mountains by using a UAV system with an RGB color digital camera.
Three methods, including support vector machine (SVM), random forest (RF), and U-Net
methods, were used for acid mine drainage recognition and surface classification mapping.
The results of the three methods are comparatively discussed and an efficient, economical
method for acid mine drainage monitoring was developed. This study was proposed based
on actual mine environmental investigation work, and provided a simple, inexpensive, and
efficient environmental problem detection approach for the environmental authorities of
local governments and mining companies.

2. Materials and Methods
2.1. Study Area

The study area is located in the stone coal mining area of Qinling Mountains in Ziyang
County, Shaanxi Province. The main ore-bearing strata in the mining area are the Upper
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Ordovician Lower Silurian Banjiuguan Formation, and the main lithology is a set of black
carbonaceous slate with pyrite-rich trachyte [33]. The UAV imagery covered a relatively
larger mining company named the Minghua Mining Industry Co., Ltd. The Minghua
Mining Industry Co., Ltd. was established in the year of 2010 and produces 30,000 to
50,000 tons of ore annually. This company was shut down by the local government in
2017 due to its serious environmental problems. After nearly 8 years of exploitation in the
mining area, a large amount of gangue piles had been stacked on the slope and in the valley,
leaving a huge open pit. Under the effect of rainfall infiltration, oxidation occurs and a
large amount of acid mine drainage (AMD) was directly discharged into the Xiaomi stream
downstream from the mining area, forming an orange-colored river bed several kilometers
long (Figures 1 and 2). Xiaomi stream flows downward and inward to the Hanjiang River,
bringing huge contamination danger to the regional water environment. At the same time,
the Hanjiang River is an important water source for the South to North Water Transfer
Project. The acid drainage of the stone coal mines endangers the water source safety of the
water transfer project.
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2.2. The UAV Aerial Photography System

The Feima D2000 UAV system (Shenzhen Feima Robotics Technology Co., Ltd., Shen-
zhen, China), which was used for image acquisition in this study, is a light, long-endurance,
multi-rotor UAV system that can simultaneously meet the requirements of high-precision
mapping, remote sensing, and video shooting (Figure 3a). An aerial survey module, tilt
module, visible video module, thermal infrared video module, and thermal infrared remote-
sensing module could optionally be carried and could obtain diversified data. The standard
takeoff weight of the system is 2.8 kg, the standard load is 200 g, and the endurance is
74 min [34]. The whole system can be integrated into a work box after modular decom-
position, which is convenient for carrying and transportation. Feima D2000 is equipped
with high-precision differential GNSS card office, and the network RTK, PPK, and their
fusion solution services are provided as standard [35]. This system is competent for 1:500
mapping without control points, supports high-precision POS-assisted aerial triangulation,
and realizes phase-control-free application. The image size of the SONY a-6000 digital
camera (Sony Group Corporation, Tokyo, Japan) equipped with Feima D2000 aerial survey
system is 6000 × 4000 pixels and the lens focal length is 25 mm (Figure 3b) [36].
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The flight time was selected from 12:00 to 14:00 on 4 December 2020, which is the best
time for solar illumination. All aerial images were obtained through two flights. The flight
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adopts the ground-simulating flight mode, with a relative height of 200 m from the ground.
The flight parameters were defined off the shelf (Table 1) and the preset flight range and
route were imported into the remote controller before the flight.

Table 1. The flight parameters of the aerial image acquisition.

Parameter Value

Flight altitude (above take-off) 946 m
Ground resolution 4 cm
Number of flights 2

Flight duration 50 min
Course overlap 80%
Lateral overlap 60%
Relative height 314 m
Area covered 3.3 km2

In Table 2, the well-known UAV systems used in the AMD detection of mines in the
recently published literature are listed. The UAV system used in this study has advantages
of light weight and long duration.

Table 2. The instrumental parameters of the UAV aerial photography systems.

Parameter Feima D2000 DJI Matrice 210 V2 [19] Texo DSI [15] Tholeg THO-R-PX8 [21]

Duration 60 min 24 min 30 min 20 min
Sensor weigh 200 g 508.8 g 680 g 720 g
Cruise speed 72 km/h 61 km/h 36 km/h 40 km/h
Maximum relative height ±1000 m ±500 m ±500 m ±500 m

2.3. Pre-Processing

This study used Context Capture software version 10.20.0.4117 (Bentley Engineering
Software System Co., Ltd., Exton, PA, USA) to compute aerial triangulation of UAV aerial
data. The software automatically generates digital surface model (DSM) by matching the
same image points on the stereo relative and calculates the elevation of the ground points
using the collinear equation. True digital orthophoto map (TDOM) is a resampling based on
DSM to correct the geometric distortion of the original image. Since DSM contains elevation
information of buildings, bridges, trees, and other ground objects, the resulting image
not only corrects the terrain, but also corrects ground objects such as surface buildings,
maintains the vertical angle of the surface landscape, and resolves the difficulties of splicing
large-scale orthophoto images [37]. The geometric resolution of the UAV orthophoto images
collected in this study is 6 cm × 6 cm. The map projection used CGCS2000 ellipsoidal and
Gauss Kruger projection (Ministry of Natural Resources, Beijing, China). The true-color
image contains three channels of red, green, and blue.

2.4. Ground Truth Data

This study collected the latest land-use map of the study area from Xi’an Geological
Survey Center of China Geological Survey, and combined similar land types according
to recent land cover. Since dry land, tea plant, shrubbery, orchard, woods, bamboo, and
vegetables are all vegetation types, and abandoned land, unpaved road, rock dumps, and
rock cuts are bare-ground types, a total of five land-cover types were displayed. The five
surface-cover types of mine acid drainage, water body, roof, vegetation, and bare land are
most accurately classified as the ground truth data (Figure 4).
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2.5. Methods
2.5.1. Selection of Study Samples

The learning image is an aerial image taken by an unmanned aerial vehicle in the
vicinity of the study area, covering an area of 87,680 km2 (Figure 5a). The learning image
contains five types of land cover: AMD, roof, water, vegetation, and bare land (Figure 5b).
These learning labels are interpreted by human visual interpretation according to the land-
use-type map of the mining area. Because the roads in the mining area are non-paved and
the surface is consistent with the bare-land type, the bare-land type includes traditional
bare land and the roads in the mining area.
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2.5.2. Support Vector Machine

This study used Support Vector Machine (SVM) to extract landslide information. This
method is a machine-learning model algorithm based on statistical theory. This method
uses optimization problem solving to determine the optimal classification hyperplane in the
high-dimensional feature space of the data, which can deal with complex data classification
problems [38–40]. SVM classifies by mapping the set of low-dimensional space vectors to
the high-dimensional space vectors, and then constructs a kernel function, which minimizes
the classification error and maximizes the generalization ability of the classifier [40].

The SVM optimal classification function expression is as follows:

S(x) = sign
[
∑n

i=1 aiyiK
(
xi, xj

)
+ b
]

(1)

In the formula, ai is a non-negative Lagrange multiplier; yi is the category; K(xi, xj) are
kernel functions; b is the classification threshold.

At present, there are four kinds of kernels commonly used in SVM, mainly Sigmoid
kernels, Polynomial kernels, Radial basis functions (RBF), and Linear kernels. In this study, the
polynomial is 2nd-order polynomial and all the expressions of the core functions are as follows:

Linear kernel function is:
K
(
xi, xj

)
= xT

i xj (2)

Polynomial kernel function is:

K
(

xi, xj
)
=
(

gxT
i xj + r

)c
(3)

Radial basis function is:

K
(

xi, xj
)
= exp

(
−g
∥∥xi − xj

∥∥2
)

, g > 0 (4)

Sigmoid kernel is:
K
(
xi, xj

)
= tanh

(
gxT

i xj + r
)

(5)

where, g > 0; c is a natural number, c = 2, r is hyperparameter.

2.5.3. Random Forest

Random forest algorithm was originally proposed by Breiman as a machine-learning
algorithm [41]. Random forest is a bagging-based decision tree method. Its core is the
bagging algorithm. Given a training set D of size n, the bagging algorithm selects n’
size subsets Di in a number of m from the training set evenly, and playback (using self-
service sampling) is used as a new training set. Using classification, regression, and other
algorithms on this m training set, a number of m models can be obtained, and then bagging
results can be obtained by averaging and majority votes. That is, given a training set X = X1,
..., Xn and target Y = Y1, ..., Yn, the bagging method repeats back (B times) samples from
the training set and then trains the tree model on these samples. After the training, the
prediction of the unknown sample X can be achieved by averaging the predictions of all
the single regression trees on X [42].

2.5.4. U-Net

The U-Net network structure, proposed by Olaf Ronneberger, Philipp Fischer, and Thomas
Brox at the IEEE International Symposium on Biomedical Imaging (ISBI) Competition 2015,
is a U-shaped structure consisting of shrinking subnetworks and expanding subnetworks.
Therefore it is named U-Net [43]. The structure of the U-Net network is shown in Figure 6. U-
Net first extracts feature information by downsampling through convolution and pooling, and
then fuses lower feature maps before upsampling and clipping through transposed convolution
for accurate positioning. The U-Net method repeats this process until the output signature
map is obtained, and then the segmented map is finished through the activation function.
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2.5.5. Confusion Matrix

In this study, the confusion matrix method was used to evaluate the accuracies of AMD
and land-cover classification in this mining area. The confusion matrix is calculated by com-
paring the location and category of each real pixel on the surface with the corresponding
location and category in the classification image [44]. The evaluation includes overall accuracy
and accuracy of each category. For AMD and other land-cover categories in mining area, the
overall accuracy is the percentage produced by dividing the sum of the correct classification
inspection points by the total selected inspection points. The accuracy of each category refers
to the probability that the results of each classification are comparable with the actual reference
data, to calculate the correct classification of each category.

3. Results

In general, all three methods have been used to classify RGB aerial images from UAVs
effectively and have identified the distribution of AMD successfully. The SVM and RF
methods classified all the pixels of the entire image, while the U-Net method classified
some pixels poorly matched with the five types of land cover as unclassified. Among the
SVM classification results, bare land covered the largest area (62.77% of the entire area) of
the study area, followed by vegetation (22.39% of the entire area). Roof class contained
threadiness such as non-paved roads in mining areas (Figure 7). AMD and water bodies
were mainly distributed along ponds and streams in the study area with a small coverage
percent of 0.14% (Figure 7). Because the study area is located in the Qinling Mountains,
the earth’s surface is mainly covered with dense forest and vegetation. Therefore, the SVM
classification results distorted the classification of vegetation and bare land. The results of
RF method showed the largest distribution area is bare land (39.89% of the entire area) and
followed by vegetation (38.99% of the entire area) (Figure 8). Most pixels of roof class were
real roofs of buildings, a few were unpaved roads in the mining area. Unpaved roads in the
mining area were mainly incorporated into bare-land class due to their similar color. AMD
and water bodies were still distributed along ponds and rivers with a smaller area (5.84% of
the entire area) in the results of the RF method (Figure 8). However, some of the vegetation
distinguished by the SVM classification method were misclassified into the AMD category,
possibly because some of the withered leaf color in autumn was close to the orange color of
AMD. The U-Net method showed the largest vegetation area (39.54% of the entire area),
followed by bare land (8.92% of the entire area). There were almost no misclassified mining
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roads in the roof class. Water bodies and AMD were still distributed along ponds and rivers
with a smaller area in the result of the U-Net method (Figure 9). The distribution of U-Net
classification results was better than that of the SVM and RF methods with fewer discrete
classification points. This feature greatly improves the aesthetics of the next mapping step.
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A small scale of the classification area was selected for detail comparisons among
the results of the different methods and the classes (Figure 10a). Among the vegetation
classification results of all the three methods, the SVM method mapped a smaller vegetation
land cover than the other two methods (Figure 10b). The RF and the U-Net methods
identified a similar vegetation distribution, but the RF vegetation recognition results are
more discrete than those of the U-Net (Figure 10c,d). Among the bare-land classification
results, the SVM method identified the largest bare-land area. Some vegetation pixels
were misidentified as bare land, while some unpaved roads were also misclassified as
roof by the SVM (Figure 10b). The RF method can more accurately identify bare land,
and fewer areas of bare land were misclassified as roof (Figure 10c). The bare-land areas
incorrectly identified by the U-Net method were mainly the road in the mining area and
the surface of the mining gangue piles (Figure 10d). The formation of AMD in stone coal
mines in the study area is due to the peeling off of rock and soil during open-pit mining,
resulting in the exposure of fresh rock surfaces and loose mining gravel to an oxidative
environment. Under the action of oxygen, atmospheric precipitation, and microorganisms,
minerals such as pyrite (FeS) are oxidized to form sulfate-containing AMD. AMD flows
downstream along the drainage channel built on the mining waste dump and forms a
confluence into the Xiaomi stream, so acidic water in the study area is mainly distributed in
the drainage channel and the Xiaomi stream of the mining area. As shown in Figure 10b, the
AMD identified by the SVM method appeared intermittently along the drainage channel
in the mining area. As shown in Figure 10c, the AMD identified by the RF method was
more contiguous along drainage channels in mining areas, but withered leaves are also
misidentified as AMD in vegetation areas. As shown in Figure 10d, the continuity of
the AMD distribution identified by the U-Net method was close to RF, and there was no
misclassification in vegetation areas.
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4. Discussion

This study used SVM, RF, and U-Net models combined with land-use classification
maps to identify AMD, bare land, roof, vegetation, and water bodies in a stone coal mine
area in Ziyang county with over 6 cm high-resolution RGB images obtained using UAVs.
The overall classification accuracies of the SVM, RF, and U-Net methods were 30.35%,
49.84%, and 56.26%, respectively, (Tables 3–5). Compared with traditional machine-learning
classification methods such as RF and SVM, the U-Net method improves the classification
accuracy by 6.42–25.91% using the same RGB image and the ground truth land-cover map.
This result is in agreement with previous studies that applied the deep learning network
model to remote-sensing land-use classification [45–47]. In this study, to form a reciprocity
in data with traditional machine-learning classification methods, without too many manual
steps to extract and select features [47,48], using 6 cm very-high-resolution UAV color
images for AMD and mine land-cover classification, the overall classification accuracies
of traditional machine-learning classification methods SVM and RF were lower than that
of U-Net.
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Table 3. The confusion matrix of the SVM results (%).

Class Bare Land Vegetation AMD Roof Water

Unclassified 0.01 0.01 0.00 0.00 0.00
Bare land 70.85 71.87 75.47 50.63 79.57
Vegetation 8.91 27.33 2.34 0.37 19.01

AMD 0.15 0.55 13.60 0.18 0.00
Roof 20.08 0.25 8.59 48.82 1.43

Water 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00

Note: Overall Accuracy = 30.35%.

Table 4. The confusion matrix of the RF results (%).

Class Bare Land Vegetation AMD Roof Water

Unclassified 0.01 0.01 0.00 0.00 0.00
Bare land 77.43 42.80 47.49 37.61 48.49
Vegetation 12.18 47.85 12.76 7.36 34.93

AMD 4.31 7.15 38.65 12.47 2.85
Roof 6.06 2.16 1.09 42.53 13.30

Water 0.01 0.03 0.00 0.04 0.42
Total 100.00 100.00 100.00 100.00 100.00

Note: Overall Accuracy = 49.84%.

Table 5. The confusion matrix of the U-Net results (%).

Class Bare Land Vegetation AMD Roof Water

Unclassified 43.44 37.91 26.28 37.33 47.49
Bare land 49.80 4.56 1.76 16.75 1.62
Vegetation 6.58 57.50 2.97 1.51 2.46

AMD 0.00 0.00 68.97 0.00 5.91
Roof 0.18 0.02 0.01 44.35 0.00

Water 0.00 0.01 0.00 0.05 42.51
Total 100.00 100.00 100.00 100.00 100.00

Note: Overall Accuracy = 56.26%.

Among the confusion matrices of the five types of ground cover distinguished by
the three methods, the AMD classification accuracy of the SVM method was the lowest at
13.60% and a large number pixels were misclassified into bare land (Table 3). The AMD
classification accuracy of the RF method was 38.65%, and the misclassification was also
mainly bare land (Table 4). The AMD classification accuracy of the U-Net method was
68.97% and the highest (Table 5). The classification accuracy of bare land by the SVM
method was 70.85% (Table 3). The bare-land classification accuracy of the RF method
was the highest at 77.43% (Table 4). The classification accuracy of bare land by the U-Net
method was 49.80%, with the lowest classification accuracy, and a large number of pixels
were marked as unclassified (Table 5). The vegetation classification accuracy of the SVM
method was the lowest at 27.33% and many pixels were misclassified as bare land (Table 3).
The precision of vegetation classification by the RF method was 47.85% (Table 4). The
classification accuracy of bare land by the U-Net method was 57.50% and the highest
(Table 5). The roof classification accuracy of the SVM method was the highest at 48.82%
(Table 3). The roof classification accuracy of the RF method was the lowest at 42.53% with
many pixels incorrectly classified as bare land (Table 4). The roof classification accuracy of
the U-Net method was 44.35% and some pixels were classified as bare land (Table 5). The
water classification accuracy of the SVM method was the lowest at 0.00%. In total 79.57%
and 19.01% pixels of water were misclassified as bare land and vegetation, respectively,
(Table 3). The roof classification accuracy of the RF method was 0.42% and the classification
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accuracy was also very low. Approximately 48.49% and 34.93% pixels of the roof were
misclassified as bare land and vegetation (Table 4). The roof classification accuracy of
the U-Net method was 42.51% and many pixels failed to be classified (Table 5). In some
previous studies, the accuracy of RF land-cover classification is generally higher than that
of SVM classification [49].

Meanwhile, due to the limitation of flight time and spectrum of the RGB images
collected using UAVs, non-paved roads, open pits, and waste dumps of stone coal mines
all belong to mining land. The color and texture of these cover types are similar to those
of natural bare land, which results in failure to classify these similar land-cover types by
machine-learning algorithm. However, along the pathway of AMD, the water bottom
exhibited orange color due to the deposition of richer iron oxides on the water bottom.
This color can be distinguished from most other objects and clean water bodies. Only
some dry vegetation in autumn and winter show brown-red color which leads to incorrect
classification of AMD identification. Therefore, follow-up research should consider the use
of growing season images to refine other land-cover classifications for in-depth learning
fine classification.

The data used in this study are true-color remote-sensing data with 6 cm very high
spatial resolution of the UAV, which contains richer texture information. In particular,
AMD performs a strong sense of granularity on the water bottom of the high-resolution
UAV image, and the fine features of the water bottom of AMD are more significant. Ex-
tracting geometric texture features of AMD underwater stones combined with current edge
information detection algorithm could better identify the distribution of AMD, which may
provide direction for further research [50].

5. Conclusions

In this study, very-high-resolution images acquired by a UAV system with a spatial
resolution of 6 cm were used to classify AMD and land-cover types in a stone coal mining
area of Ziyang County. Two conventional machine-learning classification methods includ-
ing SVM and RF, and additionally the currently emerging U-Net deep artificial neural
network (DANN) method, were used. All three classification methods have successfully
identified five land-cover types: AMD, roof, water, vegetation, and bare land. The overall
classification accuracy of the SVM method is the lowest, and the U-Net method the highest.
The identification results for AMD also resulted in the lowest classification accuracy of
13.60% for the SVM method and the highest identification accuracy of 68.97% for the U-Net
method. The results illustrated the capability of a UAV system equipped with an RGB
camera to perform its advantages of high resolution and fast data acquisition in mine
environmental monitoring. The very-high-resolution imagery acquired by a UAV system
could enable comparatively higher accuracy of AMD identification and mine environment
investigation. In terms of identification algorithms, the DANN methods, especially U-
Net, generally perform with higher classification accuracy than general machine-learning
methods in the identification of environmental problems such as AMD. In addition, UAV
systems equipped with RGB cameras are lighter and cheaper than those equipped with
multispectral or hyperspectral sensors, and RGB color images are easier to process than
multispectral and hyperspectral data. Therefore, the UAV systems and RGB color images
are particularly suitable for monitoring mining environmental problems by mining corpora-
tions and local environmental protection administration with nonspecialist remote-sensing
technology. In the next step, a serious attempt might be taken to improve U-Net or other
DNN classification algorithms to achieve better precision in mining environmental surveys
using UAV aerial photography systems with RGB color cameras.
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Abstract: The rational development of mineral resources provides necessary materials for economic
development, but environmental pollution caused by mining activities is an inevitable consequence.
Here, we present a case study of Chehe Town in Guangxi, an area with integrated metals mining and
smelting. The geochemical distribution, migration, and transformation behaviors of Cd and other
heavy metals were studied in detail by systematically collecting surface media such as atmospheric
dust, surface water and stream sediments, ores, tailings, mine drainage, soil, and crops in and around
the mining area. We used these data to explore the geochemical response of the surface environment
to mining and smelting of metal sulfide deposits. The annual flux of Cd and other heavy metals near
the mining and smelting sites was high. Due to the topography, heavy metals in the atmosphere are
mainly transported via vertical deposition, influencing areas downwind for 25 km. The mine drainage
exceeded As and Zn standards but had little impact on the surface water. The surface water quality
was good, without acidification. Risks due to ore were much higher than that for tailings. Heavy
metals buffered by surrounding carbonate rocks and secondary minerals mainly migrated as solid
particles, resulting in the contamination of stream sediment by heavy metals. In mountainous areas,
rivers are mainly affected by topography, flowing fast and dominated by downcutting, which caused
heavy metal pollution in the sediment have a limited effect on the soil near the river. Heavy metal
concentrations in the cultivated soil were greatly influenced by external input such as substantial
atmospheric dust. However, only Cd accumulated in the crops, with very high concentrations in
rice, but safe and edible levels in corn. Thus, in the mining area, the most sensitive to heavy metals
was the atmospheric environment. High concentrations of heavy metals beyond the ore district are
mainly concentrated in the sediment, with distant impacts. Therefore, it is necessary to monitor and
control risks associated with sediment transport, conduct treatment, and adjust crop planting. The
soil, river, and agriculture respond differently to mining activities, but the risk is low and can be
managed as needed.

Keywords: sulfide deposit; surface environment; heavy metals; migration; transformation; Chehe
Town; Guangxi

1. Introduction

Environmental disturbance inevitably results from ore deposit development; long-term
mining operations exert enormous pressure on the surrounding ecosystem. While mining
is an important resource extraction activity, dumping of solid wastes and dust and effluent
discharges result in environmental pollution [1–3]. The environmental effects of mining
non-metallic deposits are dominated by physical disturbance, including geological hazards,
noise, and dust [4,5]. The intensity of the hazards depends on factors such as the scale of the
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ore deposit and the mining technology. On the basis of physical disturbance, metal mine
areas undergo strong chemical reactions, of which acidification and heavy metal pollution
are frequently encountered. Sulfide deposits are mainly formed by endogenesis. Due
to anthropogenic disturbance from deposit exploration, mining, smelting, etc., deposits
originally formed under anaerobic conditions are exposed to air, water, and microbial
activity, resulting in oxidation and leaching of minerals [6–8]. Under the dual effects of
physical migration and chemical release, acidic discharges and heavy metals can enter
the environment, causing potentially serious threats to the atmosphere, water, soil, and
biological systems.

Many previous studies have been conducted on the environmental effects of sulfide
mining, but most of this research has focused on a single medium such as acid mine
drainage, tailings ponds, or soils, as well as discussion of surficial reaction mechanisms
of sulfide minerals [9–14]. However, few of these have carried out multimedia studies of
geochemical characteristics.

The overall response of the environment to mines is affected by basic factors such as
contaminant concentrations in the mine, the type of ore, and mining operations, as well as
characteristics of the surrounding rock, topography, hydrology, climate, etc., [15]. Thus,
the distribution and migration of heavy metals in surface media such as the atmosphere
dust, tailings, soil, surface water, and stream sediment are mutually influenced and closely
related. Recently, as tension between the demand for mineral resources and restoration
of mining environments has gradually sharpened, green mining has put forward higher
requirements on the analysis of pollution sources and exploration of pollution pathways
in the ore districts [16]. Only by systematically identifying the environmental pollution
characteristics of multiple elements in multiple media, as well as migration pathways and
constraints on heavy metals in the environment based on the geochemical behavior of
sulfide minerals, can we achieve the purpose of classification management and precise
policy to ensure adequate supply of resources and simultaneously maintain the quality of
the ecosystem.

We studied a typical Sn-Pb-Zn polymetallic sulfide mining area in Nandan County,
Guangxi Zhuang Autonomous Region, including surface media such as atmospheric dust,
ore, tailings, mine drainage, surface water, stream sediments, soil, and crops. Multime-
dia samples were systematically collected to conduct a comprehensive investigation of
the migration and contamination of heavy metals in the surface environment under the
influence of mining operations. Geochemical transformations of heavy metals in various
environmental media in the ore district were analyzed in detail, taking into account the
characteristics of secondary minerals formed by sulfide weathering, the lithology of the
surrounding rocks, climatic conditions, landforms, and geotectonic background. This
information provides a sufficient scientific basis for the accurate identification of ecological
risks, safe utilization of land resources, and pollution remediation in areas affected by
polymetallic sulfide mines.

2. Materials and Methods
2.1. The Study Area

Nandan County is located in the northern area of Hechi City, Guangxi Zhuang Au-
tonomous Region, at the southern foot of the Yunnan-Guizhou Plateau, and is a branch of
the Fenghuang Mountains. The terrain is higher in the north and lower in the south and the
topography is complex and mainly mountainous. The climate has the characteristics and
seasonal patterns of the plateau area. The temperatures are generally low with abundant
rainfall and little sunlight. The area is rich in water resources and developed karst land-
forms, forming many intermittent open rivers and undercurrents; most stream segments
have rapid water flow or waterfalls due to steep slopes and high rocky ridges. Nandan
County is rich in mineral resources, with more than 20 non-ferrous metals such as tin, lead,
zinc, silver, and manganese. Tin reserves are the largest in the country and lead and zinc
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reserves are also among the most abundant. The area is known as “The Hometown of
Non-Ferrous Metals in China” and “Tin Capital”.

The Dachang tin-sulfide polymetallic ore field is located in the central section of the
Danchi (Nandan-Hechi) metallogenic belt in northwest Guangxi. Its mineral resources
are mainly concentrated in the Dachang and Chehe anticlines, where the exposed strata
are clastic rock-carbonate rock-siliceous assemblages of the Devonian–Triassic system [17].
This area is one of the important non-ferrous metal industrial bases in China and is globally
known for its long mining history and rich mineral resources. Mining and smelting
activities are mainly concentrated at the head of the Diaojiang River. In addition to a
number of state-owned mining enterprises, it also accommodates hundreds of private
beneficiation sites at peak times. With an annual raw ore processing volume of millions of
tons, this area makes outstanding contributions to local economic development. However,
it also contributes to a series of environmental problems along the Diaojiang River, resulting
in abandonment of large areas of farmland and abnormal blood lead levels among residents.
The ore mainly consists of cassiterite, pyrite, pyrrhotite, marmatite, galena, etc. The mine
recovers Sn, Pb, Zn, Sb, and other resources from the ore for a long time while discharging
a large number of sulfides such as pyrite, pyrrhotite, arsenopyrite, and gangue as tailings.
Currently, there are as many as dozens of tailing ponds above medium size in the mining
area, including Chehe, Changpo, Lutang, etc. Chehe Tailings Pond is circled with mountains
in three sides and has a valley outlet in one side, which allows precipitation to quickly flow
through the tailings pond along the hillside and merge into the river while carrying a large
number of alluvium and endangering the water environment. Generally, the drainage of
the tailings pond is mostly treated with lime, which to some extent alleviates the discharge
of acidic water.

The Diaojiang River Basin is located in the sloping transition zone from the Yunnan–
Guizhou Plateau to the Guangxi Basin. The topography is elevated in the northwest and
lower in the southeast, with typical karst geomorphic development. Due to the many
mountains in the area and few plains, the area of paddy fields is small, only about 20% of
the total arable land area. Chehe town is located along the upper reaches of the Diaojiang
River and is in the subtropical monsoon climate zone. The wind direction is mainly
southeast and rainfall is concentrated from May to July annually. The primary crop is corn,
mainly distributed in the hilly areas on both sides of the Diaojiang River. Rice crops are
mainly planted in the karst depressions, sporadically distributed, and account for a very
small percentage of the area. The town also has a variety of mining enterprises, such as
concentrators, smelters, etc., and is one of the most important towns in Guangxi Zhuang
Autonomous Region integrating industry, mining, commerce, and agriculture.

2.2. Sampling Methods

To evaluate the geochemical response of the surficial environment to the mining,
dressing, and smelting activities at the Dachang tin-polymetallic ore field in Guangxi,
Chehe town was selected as the sampling center as it has relatively concentrated mining
and smelting activities. We studied mining activities, climate, topography, and the direction
of wind and water flow, and systematically sampled atmospheric dust, surface water,
stream sediment, ore, tailings, mine drainage, soil, and crops in and around the mining area.
The sampling plan is shown in Figure 1. Ten atmospheric dust samples were collected at
locations along the southeasterly wind direction during the dry season and the rainy season.
Atmospheric dust samples are collected using high-density polyethylene bottles (25 cm in
diameter) and placed at a height of 5–10 m from the ground to prevent soil resuspension.
Six sets of co-located surface water and stream sediment samples were collected along
the stream segment near Chehe Town in the Diaojiang River, with one sample upstream
of the mine site as a background sample, three sampling locations within the ore district,
and two sampling locations downstream of the mining area (Figure 1). The surface water
samples were collected at the centerline of the river, 30–50 cm below the surface. Composite
stream sediment samples were collected at the same locations as the surface water samples,
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composed of 3–5 subsamples uniformly mixed. The concentrators and tailings ponds are
adjacent to each other. Ore samples were collected from the concentrator and mine drainage
and tailings were collected from the tailings pond. Mine drainage is stored in an enclosed
depression of the tailings dam and the ore and tailings are stored in open-air piles. Soil and
crop samples were collected in agricultural fields, concentrated in mountainous areas. A
total of 62 samples of corn and root soil and 3 samples of rice and root soil were collected.
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2.3. Analysis Methods

After the atmospheric samples were collected, they left the deposition jars for 2–3 d.
The supernatant was siphoned and the sediment was transferred into a beaker. We recorded
the volume and total amount of the supernatant and sediment, respectively. The super-
natant was added with HNO3 (Guaranteed Reagent), and the precipitate was filtered and
dried at 65 ◦C for testing.

The total volume of each water sample sent for analysis was 5 L. No preservatives
were added to 2 L, and this original sample was used to analyze the pH, acidic ions, As,
and other elements. The remaining 3 L of each sample was acidified with HCl (Guaranteed
Reagent) to analyze concentrations of Cd, Pb, Zn, and other heavy metals.

Soil and sediment samples were dried under natural conditions and ground to
200 mesh. The samples were digested in a polytetrafluoroethylene tube (a mixture of
HClO4, HNO3, and HF) and then dissolved in aqua regia. After stewing, transferred the
liquid and diluted with HNO3 (3%) for analysis.

After washing the crop samples with deionized water, they were ventilated and dried
at 60–70 ◦C for 24–48 h. The dried samples were placed in an agate mortar and ground to
0.42–0.25 mm and mixed evenly for testing.

Sample analysis was conducted by Geology & Mineral Analysis & Test Research
Center of Guangxi Zhuang Autonomous Region, which mainly used inductively coupled
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plasma mass spectrometry (ICP-MS, X-SERIES, Thermo Electron, Waltham, MA, USA; inci-
dent power 1400 W), atomic fluorescence spectrometry (AFS, Model AFS-230E, Kechuang
Haiguang Instrument Co., Ltd., Beijing, China), inductively coupled plasma emission
spectrometry (ICP-AES, IRIS Advantage, Thermo Fisher, Waltham, MA, USA; incident
power 1150 W), X-ray fluorescence spectrometry (XRF, PW2440, Philips Co., Eindhoven,
The Netherlands), and a pH meter to analyze heavy metals such as As, Cd, Pb, and Zn
and other physicochemical indices in the multimedia samples. The measurement errors
for the reference materials were within 5% and the errors for the coded samples were <5%.
Thus, the data quality was considered reliable. X-Ray Diffraction (XRD, DMAX RAPID II,
Rigaku Co., Tokyo, Japan) was completed in the Key Laboratory of Surficial Geochemistry
of Ministry of Education of Nanjing University. The test used Cu targets and capillary
projection method with a scanning angle of 0–40◦.

2.4. Data Processing
2.4.1. Deposition Ratio

The deposition coefficient Rdeposition is calculated as shown in equations (1), where Ci is
average annual atmospheric dust flux density in the mine site and Cj average annual atmo-
spheric dust flux density outside the mine site. Rdeposition is used to assess the proportion of
longitudinal deposition of elements within the mining area.

Rdeposition = (Ci − Cj)/Ci (1)

2.4.2. Content Variation Coefficient

Content variation coefficient (∆C) is used to characterize the relative changes in the
content of elements before and after geochemical migration. The formula is shown in (2). C
is the concentration of the element, and i, j represents the post-migration and pre-migration
assignment media of the element, respectively. ∆C > 0 indicates that during geochemical
migration, the element is enriched, and the greater its value, the higher the degree of
enrichment. ∆C < 0 indicates that during geochemical migration, the element is depleted,
and the greater its absolute value, the higher the degree of dilution.

∆Ci−j = (Ci − Cj)/Cj × 100% (2)

3. Results and Discussion
3.1. Atmospheric Dust

Heavy metal releases to the atmosphere include dust created by transportation of
uncovered ore and smelting emissions. The study area is surrounded by mountains and the
dust is not easily dispersed, resulting in significant concentrations of heavy metals in the
atmosphere (Figure 2). Annual deposition flux density characteristics of atmospheric heavy
metals in the study area are shown in Table 1. There were significant seasonal differences
in the deposition flux density of heavy metals such as As, Cd, Pb, and Zn, significantly
influenced by rainfall. The deposition flux density of heavy metals in the rainy season was
generally higher than that in the dry season, with lower concentrations and high deposition,
while the dry season has the opposite characteristics (Figure 3). Over the entire year, the
annual deposition flux density for each element was high in the mining area. The annual
deposition flux density of Cd was two-times higher than the standard (30 g/hm2·a) of DZ/T
0295-2016 “Specification of Land Quality Geochemical Assessment [18]”, indicating that
the concentrations of heavy metals in atmospheric dust is sufficient to produce significant
harm to surface environments such as soil.
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The annual deposition flux densities of heavy metals in the ore district were much
higher than those of typical mining agglomerations (Dabaoshan mine), heavy industrial
areas (Dinghushan, Guangdong; Daqing; Changchun), economic development zones
(Chengdu), and other high-emissions functional areas, and equivalent to those of copper
smelting areas (Guixi) (Table 1). The effects of smelting operations on air quality are far
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greater than those of ore mining, industrial production, and other activities, and there is a
risk of secondary pollution by deposition of dust onto the surface environment [19–24].

Emissions characteristics and migration of heavy metals through atmospheric dust
transport in the study area were preliminarily evaluated (Figure 4). Due to isomorphism, the
migration of Cd, Zn, and other heavy metals in the atmosphere showed similar geochemical
behaviors and variations along the wind direction. Namely, the annual deposition flux
densities were highest in the mine area and gradually decreased with increasing distance
from the ore district. Pb and Zn show similar trends to some extent, but their distribution
is also different due to ore type and grade limitations. As is the main component of gangue
minerals and also exhibits characteristics with high concentrations in the mining area, but
its fluctuations are relatively low. The annual precipitation flux densities of heavy metals in
the mine area were closely related to the distribution of ore deposits and mining activities,
with significant fluctuations along the wind direction. Heavy metal fluxes in mining
areas with strong human disturbance were higher than those in areas with weak human
disturbance. Under the combined influences of topography, climate, and the specific gravity
of the metal sulfide or metal oxide, diffusion in the atmosphere demonstrated hysteresis.
Longitudinal deposition was greater than lateral migration; the proportion of longitudinal
deposition for each element was calculated according to (1): As (97.49%), Cd (92.26%),
Zn (89.64%), and Pb (88.36%). Beyond about 25 km away from the mine area, the annual
atmospheric deposition flux density of heavy metals decreased rapidly and the impact of
mining activities on the atmosphere gradually disappeared.
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3.2. Mine Drainage and Surface Water

Environmental and geochemical characteristics of the mine drainage and surface
water within the mine site were analyzed (Table 2). The mine drainage from the tailings
pond/dam showed various degrees of exceedance for As and Zn over the limits specified
in GB 25466-2010 “Emission Standard of Pollutants for Lead and Zinc Industry”, while
the concentrations of Cd and Pb were relatively low and did not exceed the limits [25].
Due to oxidation of sulfide minerals in the ore, concentrations of SO4

2− in the mine age
were high, with a maximum value of 1472 mg/L. However, SO4

2− readily reacts with
Ca2+ in the surrounding carbonate rocks to precipitate gypsum, so, after discharge into the
river, SO4

2− concentrations in the surface water appear to have been significantly reduced
through precipitation and dilution.

Heavy metal concentrations in the river water were much lower than those in the
mine drainage. Cd, Pb, and Zn concentrations complied with the Class III limits of GB
3838-2002 “Environmental Quality Standards for Surface Water”, indicating low risk, while
As exceeded the standard [26]. According to previous data, in 1992, the Diaojiang River was
affected by mining activities. The contamination with heavy metals such as As (114 mg/L),
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Cd (0.64 mg/L), Pb (54.8 mg/L), and Zn (50.5 mg/L) was very high [27]. In 1996, the river
remained contaminated by multiple chemicals and the area of pollution had significantly
expanded [27]. By 1998, the mine area had implemented large-scale corrective measures,
the water quality had significantly improved and dissolved heavy metals concentrations
met the national surface water Class III standards [27]. The present study demonstrates that
the physical and chemical properties of the surface water in the ore district have remained
stable over the past 20 years, with neutral to alkaline pH and good water quality.

Table 2. Geochemical properties of water in the study area (mg/L).

Medium Sampling Site As Cd Pb Zn SO4
2− pH

Mine Sewage
(n = 3)

Tailings pond/dam
0.33 0.0005 0.0007 0.037 1372 6.61

0.007 0.019 0.0007 2.45 215 7.29
1.61 0.016 0.04 0.079 1472 7.28

GB 25466-2010
Direct Discharge 0.3 0.05 0.5 1.5 - 6–9

Indirect Discharge 0.3 0.05 0.5 1.5 - 6–9

Concentration As Cd Pb Zn SO4
2− pH

Surface Water
(n = 6)

Range 0.018–0.18 0.0001–0.0032 0.0006–0.0007 0.0095–0.047 87.4–250 7.75–8.06
Mean 0.07 0.0011 0.0007 0.0218 155 -

GB 3838-2002 Class III 0.05 0.005 0.05 1.0 250 6–9

3.3. Solid Wastes

As the primary solid waste resulting from mining and the source of heavy metal
pollution, tailings have been the focus of much research on mine pollution. However, in our
study area, in addition to large accumulations of tailings, there is also ore that has not been
smelted after grinding. The ore is more sensitive to the supergene environment than tailings
due to its much higher sulfide content prior to smelting. As a source of pollution, it presents
a greater risk than tailings (Table 3). Stream sediment is an important medium that is both
a “source” and “sink” for heavy metals. The geochemical characteristics of the sediment
are the result of the combined effects of chemical weathering and physical migration of
pollutants from the upstream mines. The sediment also acts as a carrier of heavy metals in
the river and can be a source of secondary pollution. Heavy metal concentrations in the
sediment of the study area were high (Table 3).

Table 3. Statistics of heavy metals characteristics of solid wastes.

Fe2O3 S As Cd Pb Zn pH

% % µg/g µg/g µg/g µg/g -

Tailings (n = 2)
Min 3.57 2.51 5484 22.6 328 2833 7.71

Mean 6.64 3.45 5908 47 2203 6397 -
Max 9.70 4.39 6331 71 4078 9960 7.85

Ore (n = 4)
Min 21.42 21.87 32,440 85.90 3395 10,310 3.20

Mean 21.52 24.57 65,073 91.98 3759 10,663 -
Max 21.69 27.14 99,080 99.30 4010 11,210 4.88

Sediment (n = 6)
Min 5.00 0.06 32.60 1.60 34 243 7.32

Mean 7.98 0.73 2321 35.70 218 3710 -
Max 10.86 1.34 3788 64.70 334 5850 8.80

∆Csediment-tailings - 20.25% −78.77% −60.71% −23.72% −90.10% −42.01% -

∆Csediment-ore - −62.93% −97.02% −96.43% −61.19% −94.20% −65.21% -

Based on the mineral compositions of various media (Figure 5), the ore is mainly
composed of primary sulfide minerals such as sphalerite, pyrite, and pyrrhotite. It has a
strongly acidic pH and very high concentrations of various metals related to mineralization,
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such as S, Fe, As, Cd, Pb, and Zn, which present a great potential risk. Tailings and
sediment that are exposed to hypergene conditions for a long time, in addition to retaining
some primary sulfide minerals, quartz and calcite, are mainly composed of secondary
minerals such as kaolinite, goethite, illite, and gypsum. The pH becomes neutral to alkaline
and the concentrations of S and metals precipitously decline compared to those in the
ore. The tailings had undergone the processes of mining, smelting, and open storage,
the heavy metals were mainly in the form of oxides, and the potential risk was greatly
reduced compared with that of ore. Heavy metal concentrations in sediment are the result
of the combined action of chemical weathering and physical migration of ore and tailings.
Although the concentrations of As, Cd, Pb, and Zn in sediment had decreased significantly
compared to the source material, it was still elevated relative to other surface media such
as soil and crops, and poses a threat to the safety of the environment.
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Figure 5. Mineral composition of ore, tailings, and stream sediment. (a–c) Show the microscopic
results of rock slices, and (d) shows the analysis of XRD of tailings and sediments. Figure 5 reflects
the mineral composition of the samples.

The migration and transformation of elements during the supergene process can be
characterized by ∆C. The heavy metals in the river sediments, driven by both physical
and chemical dynamics, underwent different degrees of leaching compared to the ore and
tailings samples. As and Pb were leached more heavily, followed by Zn and Cd with a
similar ∆C. The tailings had gone through the dressing and smelting process and, thus,
the heavy metals were relatively stable, with leaching rates far lower than those of the ore.
One of the primary sulfide minerals constituting the deposit is pyrrhotite, which has a
defect structure. Some of the Fe2+ in the crystal structure is replaced by Fe3+ and the cation
position has some vacancies, resulting in instability of the crystal structure. Thus, it oxidizes
before other minerals, forming a dissolution-acid supply system based on Fe2+ oxidation
and Fe3+ hydrolysis [28–30]. As oxidation continues, pyrite also begins to weather and
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dissolve, and the low-pH pore water continuously leaches and releases additional Fe3+

to the elemental cycle. This process greatly increases the decomposition rate of primary
sulfides such as arsenopyrite, sphalerite, and galena [28–30].

The stability of sphalerite is intermediate between that of pyrrhotite and pyrite, and
the weathering and dissolution of sphalerite results in release of large amounts of Zn2+ and
Cd2+ into the environment. The released heavy metals either co-precipitate or adsorb into
the early-formed iron oxides/hydroxides or metasomatize with carbonate rocks to form
precipitates, thus reducing harm to the environment [6,30]. Galena has greater resistance
to weathering than sphalerite, because during weathering of galena, insoluble anglesite
(PbSO4) is formed and adheres to the mineral surface, preventing further oxidation. How-
ever, coexistence with pyrite greatly enhances the dissolution of galena, and Pb2+ released
in a carbonate environment metasomatizes with Ca2+ in the surrounding rock to form
insoluble cerussite [28,29,31]. Studies have shown that smithsonite has a much higher
ability to migrate in supergene fluids than cerussite, which is largely retained in situ after
formation [32]. In contrast, Zn readily migrates with fluids [32].

Migration of mineralization-related elements such as S, Fe, As, Cd, Pb, Zn, etc., in
the ore-tailings-sediment system are somewhat correlated due to interactions, synergistic
release, adsorption, and precipitation, and the regulation of carbonate rocks and secondary
minerals (iron oxide/hydroxide). To a certain extent, these processes reduce the harmful
effects of deposit mining on the environment. In addition to the release and migration
of heavy metals due to chemical weathering, physical migration also affects heavy metal
concentrations in the sediment, resulting in a high-concentration area of heavy metals
downstream of the mine site (Figure 6). These results are consistent with those of Jian
(2010), whose research results indicate that the impact of the mine on sediment extends up
to 200 km downstream [33].
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3.4. Risk Assessment for Soil and Crops in Mining Area

Soil is the end receptor of geochemical processes such as atmospheric deposition
and weathering of ore/tailings, and its environmental quality directly affects the safe
production of crops and human health. Heavy metal concentrations in soil in the study
area are shown in Table 4. It is apparent that mining and smelting in the study area have
resulted in serious contamination in the soil. According to the risk screening values of GB
15618-2018 “Soil Environmental Quality Risk Control Standard for Soil Contamination on
Agricultural Land [34]”, the dryland soils in the study area are seriously contaminated with
heavy metals, with exceedance rates for metals such as As, Cd, and Zn of >90% and an
exceedance rate for Pb of 70.97%. However, overall acidification is not high; the soil samples
were mainly neutral to alkaline, which promotes fixation of heavy metals. Exceedances
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for heavy metals in paddy fields were greater than for dryland. The soil pH was slightly
acidic, which is conducive to mobilization of heavy metals, increasing risks. However, due
to a limited planting area, the sample quantity for the paddy fields was not statistically
significant and the results are usable only for reference. The high concentrations of heavy
metals in the topsoil near the mine site are mainly influenced by contributions from the
mining activities, including atmospheric deposition and river transport. The surface water
environmental quality is good and its contribution of heavy metals to the soil was much
lower than that of the atmosphere. Thus, contamination with heavy metals of the cultivated
soils was mainly due to atmospheric deposition.

Table 4. Characteristics of heavy metals content in topsoil (µg/g).

Paddy Field (n = 3) As Cd Pb Zn pH

Min 49.3 1.92 61.5 222 5.68
Mean 61 4.04 138.50 420 -
Max 67.2 5.41 196 548 6.2

Exceedance rate 100% 100% 66.67% 100% -

Dryland (n = 62) As Cd Pb Zn pH

Min 23.3 0.15 28 67.9 4.47
Mean 685 12.53 569 1562 -
Max 5273 108 5003 14,715 8.48

Exceedance rate 90.32% 98.39% 70.97% 93.55% -

The heavy metal concentrations in corn and rice samples from the study area are
shown in Table 5. According to the provisions of GB 2762-2017 “National Standard for Food
Safety Maximum Levels of Contaminants in Foods [35]”, heavy metals in corn do not exceed
these standards and are safely edible, consistent with the results of Lu et al. (2017) [36]. In
contrast, the Cd concentrations in rice were all higher than the national standard. Although
the sample quantity is small, the potential for high risk cannot be ignored.

Table 5. Characteristics of heavy metals in crops (µg/g).

Rice (n = 3) As Cd Pb Zn Corn (n = 62) As Cd Pb Zn

Min 0.25 0.26 0.078 19.1 Min 0.03 0.0075 0.07 19.9
Mean 0.27 0.60 0.09 21.03 Mean 0.10 0.02 0.09 31.10
Max 0.3 1.13 0.1 24.8 Max 0.32 0.085 0.2 46.2

Exceedance rate - 100% 0% - Exceedance rate 0% 0% 0% -

The differences in risks between the crops are not only by differences in absorption,
but also by the terrain and landforms in the study area, the areas of cultivation, and the
degree to which they are influenced by the supergene media. Nandan County is located
at the southeast edge of the Yunnan-Guizhou Plateau. After crustal uplift, the riverbed
was elevated, resulting in a relative lowering of the groundwater level and a difference in
hydraulic head. Because the river channel is relatively narrow, the river flow is rapid and
the area was dominated by downcutting. These conditions are not conducive to sediment
deposition or the formation of a floodplain. Therefore, the study area is mainly planted
with dryland crops, and paddy crops are sparsely distributed. The dryland crops are mainly
planted on the slopes of both banks of the river, which are less affected by surface water and
sediment. Corn is also covered in leaves and has little contact with the atmosphere; thus,
it is less affected by atmospheric deposition. Therefore, despite the high risk associated
with heavy metals in the soil, absorption of heavy metals by corn is low, and the edible
portions are safe. Paddy fields are scattered in karst depressions on both sides of the river
where irrigation is easy. Irrigation with river water carries a large amount of sediment with
high concentrations of heavy metals. These metals are more bioavailable under acidic pH
conditions, which results in unsafe concentrations in rice.
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3.5. Comprehensive Environmental Response and Pollution Prevention Suggestions
3.5.1. Mechanism of Heavy Metal Migration and Transformation

Ore and tailings exposed to the surface will undergo strong oxidation under epigenetic
conditions. The dissolution of major minerals such as marmatite, galena, pyrite, and
pyrrhotite can cause the release of large amounts of heavy metals, and cause acidification
of surrounding rivers and soils. The reaction is as follows [8]:

Pyrite: FeS2(s) + 15/4O2 + 7/2H2O→ 2SO4
2− + Fe(OH)3 + 4H+

Pyrrhotite: Fe(1−x)S(s) + (2 − x/2)O2 + xH2O→ (1 − x)Fe2+ + SO4
2− + 2xH+

Marmatite: (Zn(1−x)Fex)S(s) + 2O2 → (1 − x)Zn2+ + xFe2+ + SO4
2−

Galena: PbS + O2 → Pb2+ + SO4
2−

Arsenopyrite: 4FeAsS(s) + 11O2 + 6H2O→ 4Fe2+ + 4H3AsO3 + 4SO4
2−

Generally, the released heavy metals migrate as cations with high biological activity
and risk. However, under the background of karst, metal cations will combine with CO3

2−

to form precipitation, and the H+ released by the weathering of sulfide minerals will also
be buffered to a certain extent by CO3

2−-HCO3
−, as shown below [37]. Therefore, lime

addition is also used in many mining areas to reduce the ecological hazards of sulfide
deposit mining. In addition to co-precipitation with carbonate ions, metal cations can also
be adsorbed by clay minerals such as illite and kaolinite, as well as iron and manganese
oxides. Therefore, heavy metals in water mainly accumulate in sediments as particulate,
which is consistent with the research results of this paper. It is worth noting that the
buffering effect of carbonate rocks on heavy metals is limited, and serious acidification and
heavy metals pollution can still occur in ore districts with long mining time, high grade
and large scale.

HCO3
− + H+ → H2O + CO2

CaCO3 + H+ → Ca2+ + HCO3
−

Zn2+ + HCO3
− → H+ + ZnCO3 (Smithsonite)

Pb2+ + HCO3
− → H+ + PbCO3 (Cerussite)

According to the previous results, in addition to the heavy metals released by chemical
dissolution, smelting is also one of the important ways for heavy metal emissions. The
heavy metals discharged from smelting undergo high-temperature oxidation and are
mostly emitted into the environment in the form of oxides. The reaction process is shown
below. Therefore, although the annual flux density of heavy metals in the atmosphere is
relatively high, their activity is low and they are less harmful to crops. However, long-term
accumulation in the soil can affect soil functions and lead to ecological imbalances.

2ZnS +3 O2 (high-temperature)→ 2ZnO + 2SO2

2PbS +3 O2 (high-temperature)→ 2PbO + 2SO2

3.5.2. Potential Risk Assessment

Based on the above investigation results and mechanism, the atmosphere is the most
sensitive to mining activities within the mining area, while the pollution downstream of
the mining area is mainly concentrated in sediments.

Atmospheric heavy metals have a high proportion of vertical deposition and the risk
receptors are mainly soil and human. (1) Soils: the accumulation of heavy metals in soil
is long-term, cumulative, concealment, latency, and irreversibility, which have adverse
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effects on the physical and chemical properties of soil and microbial structure [1]. The
further intensification of pollution will also pose a threat to the survival of biological
communities [38]. (2) Humans: atmospheric particulates enter the human trachea, lungs,
and even the blood system through the respiratory pathway, leading to cardiovascular
and other diseases [39]. Nandan County has been reported that human lead poisoning
in smelting areas, and developmental delays and immune deficiencies are common in
children. It can be seen that heavy metals ingested through respiration, although they are
trace elements, are extremely harmful to human health. Therefore, it is important to control
emissions and deposition of atmospheric heavy metals in the mine area to maintain a safe
soil environment and protect human health.

The stream sediment receives high concentrations of heavy metals from the ore and
tailings. However, due to the influence of the mountainous area, the anthropogenic distur-
bance of the water is relatively low, making the sediment in the mining area either carried
away by the current and deposited downstream, or deposited in the river bottom, less
harmful. Sediments with high heavy metals concentration pose a great threat to the down-
stream floodplain because, in open areas, downcutting gradually decreases and erosion
increases. With the development of floodplains, sediments will gradually accumulate on
convex banks. Under specific conditions (e.g., low pH), accumulated heavy metals will be
activated and released, leading to high-risk secondary pollution, endangering soil, crops,
and even human beings along the food chain. Therefore, risk abatement in the downstream
area should focus on the river sediment.

3.5.3. Suggestions on Prevention and Control of Pollution

In view of the above environmental results, the following suggestions are provided
for risk management and control in the study area:

(1) The area of concentrated mining activities is mainly contaminated through atmo-
spheric deposition, of which smelting emissions are the main source, supplemented
by dust from transportation. Therefore, it is necessary to control atmospheric heavy
metal deposition within the mine area. Rainfall has a significant impact on the concen-
tration and flux of atmospheric deposition. Therefore, the smelting operation should
be properly adjusted in the rainy season to prevent flux increases due to the driving
force of rainfall, and the mining and transportation plan can be improved to minimize
dust emissions.

(2) Downstream of the mining area, the main focus should be on sediment management.
Through the ore district, the river is fast flowing and downcutting the surrounding
geology. The middle and lower reaches are more prone to lateral erosion and sedimen-
tation as the flow velocity decreases and the river channel widens. Therefore, special
attention should be paid to the risk of secondary pollution caused by heavy metals in
sediment where the tributaries converge into the main river, river convex banks, and
floodplains. There are differential hazards to corn and rice crops. Consequently, we
recommend adjusting the planting structure accordingly, gradually converting paddy
fields to dryland crops to reduce the risks associated with paddy soils and irrigation,
and planting mainly dryland crops that are safe for consumption.

4. Conclusions

1. The heavy metals pollution caused by atmospheric deposition in the mine area is
relatively high. The annual deposition flux density of Cd is two-times higher than
the relevant standards. Influenced by climate and topography, heavy metals contami-
nation from atmospheric deposition migrates about 25 km along the wind direction
and then decreases. About 90% of the heavy metals migrate in the form of vertical
deposition in the mine area.

2. Effluent drainage from the ore district contains individual heavy metals exceeding the
standards, but the water quality of the river is less affected by the mining activities.
After treatment, only As slightly exceeded the standard at the river bend, the pH of
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the water was neutral–alkaline, and the concentrations of soluble heavy metal ions
were low.

3. Weathering and migration of ore and tailings contribute to high concentrations of
heavy metals in river sediments, mainly downstream of the mine. Risks associated
with migration of sulfide particles are high, while heavy metals migrating in chemical
form are more stable after co-precipitated with carbonates or adsorbed by secondary
iron oxides.

4. The soil in the mine area is greatly affected by mining activities. The surface soil is
significantly enriched in heavy metals and greatly exceeds the standards. It is mainly
influenced by atmospheric deposition. The risks of the soil environment to various
crops differ. Cd in rice greatly exceeds the standard, while corn does not exhibit heavy
metals exceedances and can be safely consumed.
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