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Abstract: In order to study the impact of molybdenum ore development in a large molybdenum
mining area in the Xiaoqinling Mountains on the water and sediment quality of the Wenyu stream,
surface water, sediment, and surrounding rock samples were collected, and the Cd and Zn contents
were analyzed. The pollution status and ecological risk degree of river water and sediment samples
in the Wenyu stream watershed were evaluated using the single element pollution index method,
geoaccumulation index method, Hakanson potential ecological risk assessment method, potentially
toxic elements (PTEs) health risk assessment, and PTEs pollution comprehensive index method.
Finally, the impact of mining development on the contents of Cd and Zn in the Wenyu stream were
discussed, and the sources of pollution were identified. The study revealed that the levels of Cd and
Zn in 23 water samples collected from the primary channel of the Wenyu stream were markedly
higher compared to the unaffected contrast area. Similarly, the concentrations of Cd and Zn in the
17 sediment samples were significantly elevated compared to the average values in the reference area.
These findings indicated that The Wenyu stream was heavily impacted by the molybdenum mining
activities, resulting in a high ecological risk associated with the sediment in the primary channel.
Acid mine drainage in the mining area, sediment release activities, and atmospheric dust fall are
considered to be the main sources of PTEs polluting the Wenyu stream watershed. Relevant personnel
should complete a thorough river water quality investigation and perform ecological environment
restoration so as to ensure sustainable economic development.

Keywords: potentially toxic elements; heavy metal pollution; acid mine drainage; sustainable
economic development

1. Introduction

China’s demand for mineral resources is growing, and the contradiction between
supply and demand is worsening. Unreasonable and unscientific development of mining
resources has also introduced a series of environmental degradation problems to the local
water and soil environment, such as vegetation damage, soil loss, groundwater level decline,
river and sediment pollution, and excessive PTEs in crops [1–4]. The problems of PTEs in
river water and sediments have been focused on by many environmental studies because
they involve the lives of coastal residents and concern crop irrigation and food safety [3].
Studies have shown that contamination with Cd, Zn, Mn, and Ni in river sediment was
serious, and Cd and Cu were the main risk factors [4,5]. In addition, by analyzing the PTEs
such as Cu, Zn and As in the smelting waste dump distributed in the alunite mining area
near the Lujiang River, the degree of pollution of the Lujiang River watershed caused by
human activities was evaluated. The study findings revealed that Cd and As were the
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primary pollutants identified [5]. Another research effort focused on analyzing the levels
of PTEs in river and sediment samples collected from three different types of rivers within
the Xiaoqinling area. Results indicated that four rivers in mining regions exceeded the
national standard limit, with seven PTEs in the river surpassing the national water quality
limit [6]. Hengshi River, located in South China and heavily impacted by polymetallic
mining, was studied extensively. Researchers divided the water system of the Dabaoshan
Mining Area into a kilometer grid, collected and analyzed 60 water samples, and examined
the distribution characteristics of PTEs such as Cd, Co, Zn, and others in the mining area [7].
In investigating the impact of acid mine drainage from the Dabaoshan Polymetallic Mine
in the mountainous region of northern Guangdong on Hengshi River, previous research
analyzed the spatial distribution of concentrations of PTEs, namely Mn, Cu, Zn, As, Cd, and
Pb, and found that the discharged wastewater from the Dabaoshan mining area was the
primary cause of severe river pollution [8]. Additionally, other researchers examined the
migration and transformation of toxic elements at the source of the Dabaoshan mining area,
focusing on Cd, Zn, Cr and Ni in samples such as soil, tailings, and plants [8]. The analysis
showed that the main pollution sources in this area were pit soil, tailings, and waste rock
dumps, and it was necessary to focus on the exposure path of inhaled soil particles [9].
Predecessors have extensively analyzed the mining area environment, surrounding rivers,
and sediment samples distributed nationwide, which has provided strong data support
for preventing and controlling river pollution in various regions [10]. However, this study
found that the current research idea of PTEs in the rivers in the mining area is only limited
to the use of sediment to speculate on the pollution of river water [7–9]. We can still help
broaden the comprehensive pollution analysis of the whole area by only testing the river
and supplementing the analysis of PTEs in surrounding rock and water sediment.

Cadmium (Cd) is known for its high toxicity, slow degradation, and tendency to
accumulate, posing a threat to human health [11]. Mining, mineral processing, and smelting
processes can easily cause the entry of Cd into soil, rivers, vegetation, and other ecological
environments. The presence of Cd heavy metal elements not only harms the environmental
quality but also threatens people’s health via the food chain [12]. The global electrolytic
industry began to develop and grow in 1920, so the annual output of Cd increased year
by year, followed by various environmental pollution problems [13]. The most famous
public hazard of the carcinogen Cd is the “bone pain disease” event in the Shentongchuan
watershed, Fuchuan County, Japan [14,15].

Zinc (Zn) is an important element in the human body, and its content in the human
body is second only to that of iron. However, many experiments and studies have proven
that excessive zinc in the human body will cause more harm than good to health [16]. When
zinc is about 5–10 times higher than the necessary intake of the human body, it leads to
abdominal pain, nausea, and other symptoms; long-term accumulation in the human body
leads to copper deficiency and even zinc poisoning [17]. Research has shown that in recent
years, the mining activities of various types of mines in China have been frequent, and
the cumulative effect of zinc in the soil caused by mining activities of mineral resources is
becoming increasingly serious. When the supply of zinc in the soil is insufficient, the yield
and quality of crops may be affected; at the same time, excessive accumulation of zinc due
to mining activities may enrich elements in nearby vegetation, soil, rivers, and sediment
and eventually spread through the food chain and affect people’s health [18].

Qinling is an important water source supply area in China, so its important position
is self-evident. In the process of carrying out ecological and environmental protection,
the problem of acid water and its pollution in mining areas caused by mining activities in
southern Shaanxi is becoming increasingly serious. The central supervision team and the
Shaanxi Provincial Party committee and government require all localities to carry out mine
surveys and river management [19]. While developing the mining economy and heavy
metal industry, the impact of developing a large molybdenum mine on the Wenyu stream
and sediment in Luonan County was explored. By analyzing the content of Cd and Zn in
the Wenyu stream, river sediment, and primary geological background, the pollution status
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of Cd and Zn was evaluated using the single element pollution exceeding multiple method.
At the same time, the comprehensive risk level of water quality was evaluated using the
health risk analysis method recommended by the USEPA. The pollution status of cadmium
and zinc in sediment were studied using the geoaccumulation index, potential ecological
risk, and heavy metal comprehensive pollution index, and the sources and pollution of
PTEs in river water were discussed in order to give a reference for the development of
the mining activities in the region and provide a scientific basis and data support for the
prevention of PTEs pollution.

2. Materials and Methods
2.1. Study Area

The Wenyu stream originates from the southeastern slope of the Xiaoqinling Moun-
tains, located approximately 5 km northwest of Jinduicheng in southeastern Shaanxi
Province, China [20]. The Jinduicheng molybdenum deposit is situated in the southern
margin of the North China Platform and the Qinling Orogenic Belt. This deposit belongs to
a type of molybdenum deposit that is rich in veins in China. The crystalline basement in
the area is composed of the Archean Taihua Group metamorphic rocks, mainly consisting
of amphibolite-migmatite gneiss, mixed alteration biotite plagioclase schist, and mixed
alteration Huanggang granite [20]. The Wenyu stream is composed of multiple streams,
with a total length of approximately 33 km. The mining area is about 26 km away from
the mainstem of the Luo River in Shangluo (Figure 1). The upstream valley of the Wenyu
stream is narrow, with fast-flowing water and only a small amount of sand and gravel
deposition at the riverbed. Some parts of the watershed have exposed bedrock, and there
is less arable land. The middle and lower reaches of the river have a flat terrain, wider
riverbeds, and slower water flow due to the inflow of tributaries from both sides. As a
result, the riverbed accumulates more sand, gravel, and sediment. Large-scale open-pit
molybdenum mines and ore processing plants are distributed near the upper reaches of the
Wenyu stream watershed. Facilities related to mining, tailings ponds, and ore processing
plants are concentrated on both sides of the watershed, with a length of approximately
7 km from north to south. The Wenyu stream region has a warm temperate climate with
a moist monsoon climate on the southern edge. The mining area has an annual average
temperature of 11.5 ◦C and an average annual rainfall of 770 mm, with most of the rainfall
occurring from July to October. The prevailing winds are northwest winds and east winds,
with an average annual wind speed of 1.5 m/s. The main metallic minerals in the area are
molybdenite and pyrite, followed by magnetite and chalcopyrite [20]. The ore structure
is mainly composed of skarn and porphyry structures [21]. Figure 2 shows a schematic
analysis of the molybdenum mining area. The surrounding rock samples are mainly miner-
alized with pyrite and molybdenite. Pyrite is widely developed in the ore, with a content
generally ranging from 1% to 5%. The main economically valuable mineral is molybdenite,
with a content generally ranging from 0.06% to 0.40% [20,21].

2.2. Methods
2.2.1. Sample Collection

This paper found that mining activities in the Wenyu stream watershed may affect
rivers, farmland, and living areas within about 26 km of Shangnan County. Therefore,
the average distribution density of 1 sample/km from north to south was used to collect
river water and sediment samples. Multiple surrounding rock samples, river samples,
and sediment samples were collected at the beginning of the upstream area of the Wenyu
stream. Through field work, 32 river samples and 17 sediment samples were collected (refer
to Figure 1). To assess the influence of extensive molybdenum mining on the accumulation
of PTEs in river water and sediment within watershed, as well as to determine the sources
of pollutants, three water and sediment samples were collected from a mining-free area in
the source region of the watershed (Figure 1, C1, C2, and C3). In addition, five surrounding
rock samples were collected near the upstream mining area (Figure 1, R1–R5).
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2.2.2. Sample Analysis

When collecting river samples in the main channel and direct flow channel of the
Wenyu stream, the instantaneous sampling method was adopted [19]. A high-density
polyethylene bottle was used to collect water samples from 32 water sample points in the
Wenyu stream from the upper layer of the river. After collecting samples with a moistened
collector, a 0.45 micron filter membrane was used to filter the water samples, and the
water samples were acidified with 1% superior pure nitric acid to pH < 2 and sealed for
testing. A small shovel collected the fine silt at the bottom of the Wenyu stream riverbed
and put it into a sealed polyethylene bag. The pH value of surface water samples were
measured on-site before being acidified, using the REX PHS-3C pH meter from Shanghai
INESA Scientific Instrument Co., Ltd., Beijing, China. The pH meter had a measurement
resolution of 0.01 pH and an accuracy of approximately ± 0.01 pH. The analysis of heavy
metal elements in the river water samples was performed using an inductively coupled
plasma mass spectrometer (ICP-MS) from Thermo Fisher Scientific Inc., Waltham, MA,
USA. The determination of PTEs content in river water samples was mainly carried out
using Thermal Fisher inductively coupled plasma atomic emission spectrometer (ICP-AES)
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The sediment sample was air-dried,
ground with a mortar, and sieved through a 200 mesh sieve for analysis. The surrounding
rock samples underwent a series of processing steps, including coarse crushing, medium
crushing, shrinkage, and fine grinding to 200 mesh, to prepare them for analysis. The
determination of rock samples was performed using an atomic fluence spectrometer (AFS-
2202E) from Beijing Haiguang Instrument Co., Ltd., Beijing, China. The analysis of Cd
in both sediment and surrounding rock samples was conducted by the Xi’an Geological
Survey Center of China Geological Survey. All testing procedures were strictly carried
out in accordance with the Technical Standards for Geological Survey of China Geological
Survey (DD2005-03) [22]. The test procedures for sediment and surrounding rock samples
are strictly in accordance with GB T 14353.4-2010 [23].

2.2.3. Single Element Pollution Index

The evaluation of the water quality of water samples adopted the single-element
pollution index [24]. According to the functional zoning objectives of the Wenyu stream
water body, it was designated as a first-class protected area for drinking water sources.
Therefore, the water quality of the Wenyu stream must meet the Class II environmental
quality standards for surface water [19]. Evaluation with the single element pollution index
method was performed as follows:

PCi = (Ci − C0)/C0 (1)
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In the formula, PCi is the single-element pollution index for a certain pollutant; Ci
represents the measured content of a certain pollutant (µg/L); C0 represents the standard
limits for Class II surface water quality (µg/L), the average content of surface water
pollutants in the unaffected area (µg/L), the homogeneous content of sediment pollutants
in the unaffected area (mg/kg), or the contrast standard for agricultural sludge (mg/kg).
Among them, the agricultural sludge contrast standard for Cd is 20 mg/kg, and the
agricultural sludge contrast standard for Zn is 1000 mg/kg. The multiples of a single
element exceeding the standard can be shown in Table 1.

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

Pollution Level Uncontaminated Slightly
Polluted

Moderately
Polluted

Heavy
Polluted

Extreme
Polluted

Single-element
pollution index (PCi )

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

2.2.4. Geoaccumulation Index

Seventeen sediment samples from the Wenyu stream were analyzed using the geoac-
cumulation index. The geoaccumulation index was first developed by M
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ller in 1969 [9]
and is a quantitative research method used to study the pollution degree of PTEs in water
environment sediments. The formula is:

Igeo = log2

(
Cn

kBn

)
. (2)

where Bn represents the geochemical background value of clay and other sediments; Cn
represents the measured value of PTEs in sediments; k is a constant, taken as 1.5, which
is used to analyze the change of background value caused by differences in sedimentary
characteristics and rock geological characteristics in different regions. The geoaccumulation
index is usually evaluated with seven levels, which indicate the scope of the pollution
degree. Table 2 gives details.

Table 2. Geoaccumulation index and pollution classification.

Pollution
Level

Pollution-
Free

No Pollution–
Moderate
Pollution

Moderately
Polluted

Moderate to
Severe

Pollution

Severe
Pollution

Severe Pollution–
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

2.2.5. Potential Ecological Risk Index

The potential ecological risk index was used to evaluate the ecological risk level of
PTEs in the sediment. This method, initially introduced by Swedish scholar Hakanson in
1980, evaluates the pollution and ecological hazards caused by PTEs in sediment. In this
molybdenum mining area, heavy metal pollution primarily occurs through river sediment,
which serves as a pathway for PTEs pollutants to reach crops and, eventually, the human
body. When sediment acts as a source of heavy metal pollution and is absorbed by crops, it
can pose ecological risks to organisms [25]. In this study, the potential ecological hazard
index of a single pollutant was mainly employed to evaluate the sediment samples collected
from the Wenyu stream. The specific calculation formula is as follows:

Ei
r = Ti

r ×
(

Ei
s

Ci
n

)
. (3)
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where Ei
r indicates the potential ecological hazard index of single pollutant; Ti

r indicates
the toxicity response coefficient of a heavy metal element; Ei

s is the measured mass fraction
of sediment sample; Ci

n refers to the background reference value of sediment samples.
According to previous research results, the toxicity response coefficient Ti

r of Cd and Zn
is 30 and 1, respectively. The background reference value Ci

n is the average content of
sediment samples in the unaffected area, i.e., 0.74 mg/kg (Cd) and 187.333 mg/kg (Zn).
The relationship between the potential ecological risk index and the degree of ecological
risk is shown in Table 3.

Table 3. The relationship between the potential ecological risk 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 ≤ Ei
r < 80 80 ≤ Ei

r < 160 160 ≤ Ei
r < 320 320 ≤ Ei

r

2.2.6. USEPA Water Health Risk Assessment

The health risk assessment of surface water used the model recommended by USEPA
to calculate the health risks caused by chemical non-carcinogenic heavy metal elements
via skin and drinking water intake [26]. In this study, the health risk assessment model for
non-carcinogens is calculated as follows:

Risk f = ∑
2 × 10−3 × k × Ci ×

√
6×τ×TE

π × A × FE × EF × ED × 10−6

W × AT × f × R f Di × 70.6
. (4)

Riskn = ∑
WDU × Ci × 10−6

W × R f Di × 70.6
. (5)

where Risk f indicates the health risk index caused by skin contact with non-carcinogens,
and Riskn indicates the health risk index of non-carcinogens caused by drinking water. The
number 70.6 represents the life expectancy, and the unit is a. Table 4 shows the detailed
formula analysis.

Table 4. The main symbols used in the formulae.

Symbol Meaning Value Unit

k The skin adsorption coefficient 0.001 cm/h
Ci The mass concentration of non-carcinogen element I - mg/L
τ The hysteresis time in water 1 h

TE The duration of human wading behavior 0.4 h
A The surface area of human body 16,600 cm2

FE The frequency of wading behavior 0.3 time/d
EF Exposure frequency 365 d/a
ED Exposure delay 35 a
W Average body weight 70 kg
AT The average exposure time 12,775 d
f Intestinal absorption rate 1 -

R f Di The reference dose of non-carcinogenic pollutant I through drinking water 0.14 mg/(kg·d)
WDU Daily drinking water consumption per person 2.2 L/d

The calculation method of health risk assessment model for carcinogens [26] is
as follows:

Riskc
i = [1 − exp(−Di × Qi)]/Age (6)

Di = 2.2 × Ci/70 (7)
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where Di refers to the daily average exposure dose per unit body weight of chemical
carcinogens through drinking water, the unit is mg/(kg·d); 2.2 is the recommended average
daily drinking water for adults, the unit is L; Ci is the mass concentration of chemical
carcinogen, the unit is mg/L; 70 refers to the average weight of a person; the unit is kg;
age is the average life span of human beings, the value is 70, and the unit is a; Qi refers to
the carcinogenic coefficient of chemical carcinogen I through drinking water containing
chemical carcinogen i—the study shows that the chemical carcinogen intensity coefficient
of Cd and Cd is 6.1, and the unit is mg/(kg·d).

In the water environment health risk model, the health risks generated in different
ways can be calculated by superposition, so the total health risk (Risk) of Cd and Zn in
the water body of the Wenyu stream watershed on human body is Risk f + Riskn + Riskc

i .
The maximum acceptable risk level specified by the Swedish Environmental Protection
Agency is 1 × 10−6a−1, the maximum acceptable risk level specified by the Netherlands
Ministry of Construction and Environmental Protection and the Royal Society of England
is 1 × 10−4a−1, the maximum acceptable risk level specified by USEPA is 1 × 10−4a−1,
and the maximum acceptable value of the National Radiation Protection Commission is
0.5 × 10−4a−1.

The pollution index method [27] is used to evaluate the pollution degree of PTEs
in river sediment, and the comprehensive pollution index P is used to express the com-
prehensive pollution degree of pollutants to the sediment, and the specific formula is
as follows:

P =

√
(

1
n
)∑n

i=1 Pi
2. (8)

where Pi = Ci/C0, Pi refers to the pollution index; Ci indicates the mass concentration
of element i in sediment; C0 indicates the concentration of element i in the background
sediment; P refers to the comprehensive pollution degree of pollutants in the sediment.
Table 5 lists the corresponding relationship between the comprehensive index of PTEs
pollution in the sediment and the pollution degree.

Table 5. The relationship between the pollution index and the degree of pollution.

Degree Uncontaminated Slightly
Polluted

Nearly
Moderate
Pollution

Moderate
Pollution

Nearly Heavy
Pollution

Heavy
Pollution

Extreme
Pollution

P ≤1 1~2 2~3 3~4 4~5 5~6 >6
Pollution level 0 1 2 3 4 5 6

3. Results
3.1. Results of the Samples in the Wenyu Stream

The water quality data and sediment data measured in the Wenyu stream watershed
in this paper are shown in Tables 6 and 7.

3.2. Excessive Cd Content in the Wenyu Stream

The distribution of Cd content in 35 river samples from the Wenyu stream watershed
and the unaffected area are shown in Figure 3. Among the 23 sampling points in the main
channel of the stream, Cd content in the river water exceeded that of the contrast area
(background area) unaffected by mineral development activities at 11 points. The average
Cd content in the main channel of the Wenyu stream was twice as high as that of the
unaffected area, and the maximum value was nine times higher. This indicates a significant
cumulative effect of Cd heavy metal in the Wenyu stream watershed resulting from mining
activities. In the tributary stream, seven of the nine water sample points did not exceed the
Cd content of each point in the contrast area. Only T1 and T2 sampling points exceeded the
average Cd content of the unaffected area by two and five times, respectively. Furthermore,
the variability analysis of the integrated statistical data showed a coefficient of variation
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of 99.44% for Cd content. The Cd content at each point, from upstream to downstream,
exhibited a skewed distribution, suggesting a significant influence of human activities on
the Cd heavy metal content in the Wenyu stream watershed, as summarized in Table 8.

Table 6. The results of the water.

Number (in Water) Cd (µg/L) Zn (µg/L) pH Value

1 1.000 8.000 7.750
2 1.000 12.000 7.320
3 1.000 8.000 8.150
4 1.000 5.000 7.200
5 1.000 15.000 7.440
6 1.000 30.000 7.320
7 1.000 7.000 7.030
8 1.000 710.000 6.760
9 4.000 290.000 6.780
10 10.000 1360.000 5.210
11 3.000 170.000 7.430
12 2.000 110.000 7.440
13 2.000 110.000 7.470
14 2.000 110.000 7.740
15 2.000 95.000 7.820
16 2.000 75.000 7.550
17 2.000 64.000 7.720
18 1.000 42.000 7.800
19 2.000 47.000 8.280
20 2.000 37.000 7.780
21 1.000 9.000 7.420
22 1.000 16.000 7.830
23 1.000 19.000 6.960
C1 1.000 31.000 7.260
C2 1.000 12.000 7.560
C3 1.000 1.000 7.620
T1 2.000 690.000 6.730
T2 6.000 1210.000 6.000
T3 1.000 21.000 6.930
T4 8.000 1210.000 6.130
T5 1.000 23.000 7.890
T6 1.000 18.000 7.330
T7 1.000 13.000 7.610
T8 1.000 2.000 7.770
T9 1.000 5.500 8.270

Referring to the standard value of Cd (5 µg/L) for class II water in the environmental
quality standards for surface water (GB3838-2002), it can be observed that among the
23 sampling points in the main channel of the Wenyu stream, 22 points meet the standards
for class I and class II water in surface water, accounting for 95.65% compliance. This
indicates that the overall water quality of the Wenyu stream meets the domestic water
standard for residents and is considered good. Out of these points, 12 are classified as class
I water, accounting for 52.17% of the total, specifically points 1, 2, 3, 4, 5, 6, 7, 8, 18, 21,
22, and 23 in Figure 3b. Additionally, 43.48% of the points are classified as class II water,
namely points 9, 11, 12, 13, 14, 15, 16, 17, 19, and 20 in Figure 3b. Only one point, point 10 in
Figure 3b, does not meet the class II water standard, accounting for 6.25% of the total points.
In the tributary stream, out of the nine sampling points, seven are classified as class I water,
specifically T3, T4, T5, T6, T7, T8, and T9. Sampling point T1 is classified as class II water,
while sampling point T2 is classified as class III and IV water. According to Figure 3, the
Cd pollution at midpoints 9 and 10 in the main channel of the Wenyu stream exceeds the
standard by three and nine times, indicating moderate and severe pollution, respectively.
The remaining water samples generally meet the class II standard for surface water. In
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the tributary channel, T1 and T2 exhibit light and heavy pollution levels, respectively.
This analysis suggests that the proximity of these points to the mineral processing and
production area, as well as their proximity (2.0–3.0 km) to mining pits, waste dumps, and
other mining activity sites, contribute to their abnormal Cd content. Additionally, there is a
large tailings pond located approximately 1 km upstream in the west bank branch channel,
which likely contributes to the wastewater seepage affecting the Cd content at T2.

Table 7. The result of the sediment.

Number (in Sediment) Cd (mg/kg) Zn (mg/kg)

3 3.780 532.000
5 1.760 333.000
9 3.490 527.000
11 5.100 886.000
12 4.120 796.000
13 1.950 466.000
14 2.220 518.000
15 7.660 1710.000
16 5.890 1340.000
17 5.200 1000.000
18 2.320 449.000
19 3.410 677.000
21 4.060 556.000
22 2.000 363.000
23 2.940 464.000
C1 0.900 200.000
C2 0.600 141.000
C3 0.720 221.000
T2 3.170 420.000
T5 4.040 704.000

3.3. Excessive Zn Content in the Wenyu Stream

The statistical findings of the zinc content in 35 river samples collected from both the
Wenyu stream watershed and the unaffected area are depicted in Figure 4. From Figure 4a,
it can be observed that among the 23 sampling points in the main stream, the zinc content
in the river water at 13 points is not greatly higher than that in the unaffected area, which is
unaffected by mineral development activities. However, the Zn concentration in the river
water below a tailings pond is approximately 80 times greater than the average value of
the contrast area. Additionally, the Zn concentration within a specific watershed exhibits
significant variation with the flow, as depicted in Figure 3a at points 10–17. This indicates a
significant cumulative effect of Zn heavy metal in the Wenyu stream watershed resulting
from mining activities. Among the nine water sample points in the tributary stream, seven
points do not exceed the Zn content value of each point in the contrast area. However,
sampling points T1, T2, and T4 exceed the average Zn content of the unaffected area by
10, 80, and 3 times, respectively. According to the analysis, the leakage of tailings pond
wastewater upstream of T2 may contribute to the abnormal Zn content.

Table 8. Statistical characteristics of Cd content in surface water of the Wenyu stream.

Mode Median Range Range/Mode Range/Average Standard Deviation Coefficient of Variation

0.001 0.001 0.009 9 4.299 0.002 99.440%
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Referring to the standard value of Zn (1000 µg/L) in class II water in environmen-
tal quality standards for surface water (GB3838-2002), it can be seen that among the
23 sampling points in the main ditch of the Wenyu stream, 22 Cd contents meet the class I
water standard of surface water, accounting for 95.65%. Therefore, it can be judged that
the overall water quality of the Wenyu stream meets the domestic water standard in terms
of Zn content, as shown in Figure 4b. The water quality of eight water samples from nine
sampling points in the Wenyu stream branch ditch is class I water, including T1, T3, T4, T5,
T6, T7, T8, and T9. Sampling point T2 is class II and III water.

3.4. Evaluation of Cd Carcinogens

We can analyze the health risk of Cd carcinogen on the human body via the river
route in Figure 5. It can be seen that essentially all points in the main stream channel
were in the range of 0.02 ×10−4–0.1 ×10−4, but points 9 and 10 were in the range of
0.1 ×10−4–0.3 ×10−4 a−1, which was close to the maximum acceptable value of the National
Radiation Protection Commission (0.5× 10−4 a−1). In the main stream channel of the Wenyu
stream, only point T2 was between 0.1 ×10−4–0.2 ×10−4 a−1, and the other points met the
limits specified by the National Radiation Protection Commission [28] (1×10−4 a−1).
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3.5. Health Risk Assessment of Zn through Skin and Drinking Water

The results of Zn health risk assessment are shown in Figure 6a,b. At points 11–16 in
the main ditch of the Wenyu stream, the health risks caused by Zn absorbed through
drinking water and skin are high. The health risks caused by skin contact with Zn
were mainly distributed in points 8–16, with an average distribution in the range of
10 ×10−15–100 ×10−15; the health risks caused by Zn drinking water were mainly dis-
tributed in points 8–20. The health risk of Zn caused by drinking water was four orders of
magnitude higher than that caused by skin contact, so the total health risk of non-carcinogen
Zn was determined by the health risk caused by drinking water. The risk caused by Zn in
Wenyu stream water was far lower than the maximum acceptable value (1 × 10−4 a−1) [29]
recommended by the USEPA and the maximum acceptable value (5 × 10−5 a−1) [27] rec-
ommended by the National Radiation Protection Commission (ICRP), which indicated
that the health risk caused by Zn in Wenyu stream water was generally at a safe level,
but it was necessary to strengthen the monitoring and management of areas with a high
Zn concentration.
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3.6. Comprehensive Risk Assessment and Analysis

The comprehensive risk assessment of water environmental health in the Wenyu
stream is a collection of risks caused by chemical carcinogens and non-carcinogens [27]; by
analyzing the comprehensive health risks caused by non-carcinogen Zn absorption through
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the skin and drinking water, as well as carcinogen Cd, we can reflect the impact of the
development of this large molybdenum mine on the surrounding water environment and
analyze the potential risks to human health, animals, and plants, as shown in Figure 7.
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The health risk of non-carcinogens was much lower than that of chemical carcinogens,
with a difference of about 7 to 11 orders of magnitude. Therefore, the change trend of the
overall risk was roughly similar to that of carcinogens. It can be seen in Figure 6 that the
comprehensive risk of points 9, 10, and T2 in the main and branch ditches of the Wenyu
stream was relatively high, but it was also slightly lower than the limit value specified by
the National Radiation Protection Commission and the maximum acceptable risk level
specified by the USEPA (1 ×10−4 a−1).

3.7. Degree of Accumulation of Cd and Zn in River Sediment

The geoaccumulation index was used to analyze 17 sediment samples collected from
the Wenyu stream. The results, depicted in Figure 8, indicate varying degrees of pollution
in both the main stream and tributary channels of the Wenyu stream. The most heavily
polluted sites, No. 15 and No. 16, exhibited moderate to severe pollution. On the other
hand, the least-polluted sites, No. 5, No. 13, and No. 22, ranged from non-polluted
to severely polluted, while most sites showed moderate pollution levels. The sediment
samples from the T2 and T5 sampling points in the tributary channel were moderately
polluted. Furthermore, the Cd content in all sediment samples from the Wenyu stream
watershed in Shangnan County was greatly higher than that in the unaffected area. This
indicates that the area has been heavily impacted by the input of heavy metals from mining
activities, leading to the enrichment of Cd in river sediments.

The accumulative degree of Zn in river sediment is shown in Figure 9. In the main
Wenyu stream, point 15 was at the level of moderate to severe pollution; points 3, 11, 12, 16,
17, 19, and 21 were at the level of moderate pollution; only six points, 5, 13, 14, 19, 22 and 23,
were at the level of no pollution to moderate pollution. In the tributary channel, T2 had no
pollution–moderate pollution, and T5 had moderate pollution. The sediment samples from
the Wenyu stream watershed in Shangnan County showed that the content of Zn in the
sediment in this watershed was higher than that in the control area, indicating that mining
activities have caused a certain degree of pollution to the Wenyu stream watershed. The
above research results showed that the development of mineral resources is an important
reason for the enrichment in heavy metals in the river sediments in the mining area, and it
is of great significance to study the pollution degree of heavy metals in the sediments to
reflect the pollution of river water.
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3.8. Excessive Cd and Zn in River Sediment

The cadmium content in 20 sediment samples from the stream watershed and the
unaffected area are presented in Figure 10. As depicted in Figure 10a, the cadmium content
in 17 sediment samples from the main stream exceeded that of the contrast area to varying
degrees. The most heavily contaminated points, 15, 16, and 17, were nine, six, and six times
higher than the cadmium content in the unaffected area, respectively. The next significant
points, 3, 9, 11, 12, 19, and 21, were generally three to five times higher than the cadmium
content in the unaffected area. The remaining points, 5, 13, 14, 18, 22, and 23, exhibited Cd
content that was approximately equal to that of the contrast area. The above results showed
that the cumulative effect of Cd content in sediment is affected by mining activities.

The background value in Figure 10b refers to the agricultural sludge contrast stan-
dard [6], and Cd is 20 mg/kg. It can be seen in Figure 10b that only point 15 was 0.3 times
the standard, and the rest were about 0.1–0.2 times. This shows that the sediment samples
in the Wenyu stream watershed essentially met the agricultural sludge contrast standard,
and the overall sediment condition is good.



Minerals 2023, 13, 1207 16 of 26Minerals 2023, 13, x FOR PEER REVIEW 17 of 28 
 

 

 
Figure 10. The evaluation maps of the excessive degree of Cd in sediment. (a) Cd background ex-
ceeding multiple in sediment; (b) Cd exceeds agricultural land standard multiples in sediment. 

The Zn content in 20 sediment samples from the Wenyu stream watershed and the un-
affected contrast area are illustrated in Figure 11. As depicted in Figure 11a, the Cd content 
in 17 sediment samples collected was found to be higher than that of the contrast area to 
varying extents. The most serious points, 15, 16, and 17, are eight, six, and four times higher 
than that of the contrast area, respectively; the second most serious points, 11 and 12, are 
three times higher than that of the contrast area; the remaining sediment samples were one 
to two times higher than that of the contrast area not affected by mining activities. The above 
results show that the cumulative effect of the Zn content in sediment was significantly af-
fected by mining activities. The background value in Figure 10b refers to the agricultural 
sludge contrast standard [6], and the value of Zn is 1000 mg/kg. In Figure 11b, it can be seen 
that points 15, 16, and 17 exceed the standard by 1.71, 1.34, and 1 time, and did not meet the 
agricultural sludge control standard (20 mg/kg). The rest of the points were essentially nor-
mal. 

Figure 10. The evaluation maps of the excessive degree of Cd in sediment. (a) Cd background
exceeding multiple in sediment; (b) Cd exceeds agricultural land standard multiples in sediment.

The Zn content in 20 sediment samples from the Wenyu stream watershed and the
unaffected contrast area are illustrated in Figure 11. As depicted in Figure 11a, the Cd
content in 17 sediment samples collected was found to be higher than that of the contrast
area to varying extents. The most serious points, 15, 16, and 17, are eight, six, and four
times higher than that of the contrast area, respectively; the second most serious points,
11 and 12, are three times higher than that of the contrast area; the remaining sediment
samples were one to two times higher than that of the contrast area not affected by mining
activities. The above results show that the cumulative effect of the Zn content in sediment
was significantly affected by mining activities. The background value in Figure 10b refers
to the agricultural sludge contrast standard [6], and the value of Zn is 1000 mg/kg. In
Figure 11b, it can be seen that points 15, 16, and 17 exceed the standard by 1.71, 1.34, and
1 time, and did not meet the agricultural sludge control standard (20 mg/kg). The rest of
the points were essentially normal.

3.9. Potential Ecological Risk of Cd and Zn in Sediment

Based on the Hakanson’s potential ecological risk index method, the potential eco-
logical risk index Ei

r for Cd was calculated at each sediment sampling point. Figure 12
illustrates that the potential ecological risk index for PTE Cd in 15 sediment samples from
the main stream ranged from moderate risk to very high risk. This indicates that the
sediment in the main stream poses a strong ecological risk as a whole. Referring to the
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classification principle in Table 3, we could find that samples with strong ecological risk,
samples with strong ecological risk, and samples with moderate ecological risk accounted
for 40.00%, 46.67%, and 13.33%, respectively. In the tributary stream, point T2 exhibited a
strong potential risk, while point T5 had a very strong potential risk. Based on the analysis
of these results, the pollution of Cd in the sediment of the Wenyu stream watershed poses
a severe threat to the ecological security of the watershed. This can be attributed to two
possible reasons. On one hand, the Cd content in river sediment is notably higher than the
average value of the contrast area, indicating a significant cumulative effect of elements
resulting from mining activities. On the other hand, this can be attributed to the high
toxicity response coefficient of Cd, which is unique to this element. It is important to note
that, in this study, the average value of sediment in the unaffected area is utilized as the
background reference value when selecting the environmental background value Ci

n. By
default, this selection ignores the impact of the primary geological background of the study
area on the Cd content in the sediment and only considers the impact of mining activities,
which is consistent with the overall research idea of this paper. Using the study area’s
heavy metal background value as a reference can provide a better reflection of the pollution
level caused by mining activities on the environment.
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The potential ecological risk index of Zn at each sediment sample point in the Wenyu
stream watershed is shown in Figure 13. It can be seen in Figure 13 that the potential
ecological risk index of PTE Zn in 17 sediment samples from the main stream was relatively
low, all at a slight level, and the highest levels of points 15, 16, and 17 are nine, seven, and
five—that is, the pollution degree of Zn in the Wenyu stream watershed has not seriously
affected the ecological security in the watershed.
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3.10. Comprehensive Index of Heavy Metal Pollution in Sediment

The evaluation of PTEs pollution in the sediment of the Wenyu stream watershed
does not solely rely on higher concentrations of PTEs to determine the severity of pollution
caused by these elements. The pollution level of PTEs in the sediment is closely linked
to the background value of the contrast area and the reference standard. When assessing
the overall pollution degree of Cd and Zn in the sediment, a comprehensive pollution
index should be utilized to express the pollutant’s impact. By employing the average
value of the unaffected area as the background value in Figure 14a, it is evident that the
17 sediment sampling points in the Wenyu stream watershed exhibited varying degrees
of pollution. The main ditch’s most severely affected points, 15, 16, and 17, experienced
extreme pollution. Points 3, 9, 11, 12, 19, 21, and 23 displayed moderate to severe pollution,
while only points 5, 13, 14, 18, and 22 demonstrated moderate pollution. T2 and T5 of
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the two points in the branch ditch had moderate pollution, indicating that the cumulative
effect of human activities on the PTEs in the Wenyu stream was significant, which is
speculated to be closely related to the dense mining yards and concentrators in the area.
In Figure 14b, the agricultural pollution contrast standard was used as the background
value to comprehensively analyze the pollution degree of Cd and Zn on the bottom mud
of the Wenyu stream. Only point 15 achieved slight pollution, which was the main ditch
and branch ditch of the Wenyu stream and essentially met the use standard of agricultural
sludge. The above research results show that different background values are selected for
comprehensive analysis of PTEs in sediment, and the pollution degree is also different. That
is to say, the results of this study are different due to different human activities, original
geological backgrounds, and agricultural land standards.
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3.11. Content of Cd and Zn in Surrounding Rock

The average cadmium and zinc content in the five surrounding rock samples collected
near the large open-pit molybdenum mine pit (see Table 9)was found to be 4.1 times
higher than the environmental background value of cadmium in Shaanxi Province [29],
and 4.90 times higher than the environmental background value of Cd in Lou soil in
Guanzhong, Shaanxi Province [15]. These findings indicate that the geological background
value of Cd is significantly elevated within a specific range of the molybdenum mine
pit in the upper reaches of the Wenyu stream. Previous research on the geochemical
area of Southern Shaanxi has revealed a high concentration of copper-loving elements
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and tungsten-molybdenum group elements (such as Cu, Zn, Cd, and Ti), indicating en-
richment characteristics. Notably, Cd was highly enriched in certain sections, with local
concentrations even surpassing five times the background average value, resulting in the
formation of a trace element surplus area [30]. These findings align with the outcomes of
the present study.

Table 9. The average content and background value of Cd in surrounding rock.

ID Cd Content (mg/kg) Mean (mg/kg)
The Cd Background of
Shaanxi Province [30]

(mg/kg)

The Cd Background of
Soils of Guanzhong
Basin [15] (mg/kg)

R1 0.20

0.58 0.14 0.118
R2 0.24
R3 0.36
R4 0.11
R5 2.00

Table 10 reveals that the average Zn content in the five surrounding rock samples
collected near the large molybdenum mine pit was 2.35 times higher than the environmental
background value of Zn in Shaanxi Province and 2.53 times higher than the environmental
background value of Zn in Lou soil in Guanzhong, Shaanxi Province. These findings
indicate that, within a specific range of the molybdenum mine pit in the upper reaches of
the Wenyu stream, the geological background value of Zn is relatively high. In addition,
previous studies on the geochemical region of Southern Shaanxi have also demonstrated a
high Zn content in this area, exhibiting characteristics of enrichment.

Table 10. The average content and background value of the Zn in surrounding rock.

ID Zn Content (mg/kg) Mean (mg/kg)
The Zn Background of
Shaanxi Province [30]

(mg/kg)

The Zn Background of
Soils of Guanzhong
Basin [31] (mg/kg)

R1 84.7

162.34 69.1 64.05
R2 231
R3 143
R4 174
R5 179

4. Discussion

By analyzing the Cd and Zn contents in the river and sediment of the Wenyu stream
watershed downstream of a large molybdenum mine in Luonan County, Shangluo City,
Shaanxi Province, this paper creates a detailed evaluation and analysis of the pollution
caused by mining activities as much as possible and finds that mining sites, concentrators,
and other mineral resource development sites are mainly concentrated and distributed
in this area, which leads to major pollution problems. The main sources of pollutants
were analyzed, and the possible pollution sources were investigated. At present, there are
two levels involved in the analysis of PTEs pollution sources. The first level is to determine
the source type of the main PTEs in the environmental medium using only qualitative
judgment—that is, source identification [32]; the second level is to quantitatively calculate
the impact degree of various PTEs pollution sources based on source identification, which
is called source apportionment [33]. This paper mainly discusses the identification of PTEs
pollution sources in river and sediment of the Wenyu stream watershed and provides a
data reference for environmental governance and sustainable development of mining areas.
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4.1. Source of Acid Drainage from Mines Polluting the Wenyu Stream

It can be seen in Figure 15 that the abnormal pH values in the Wenyu stream watershed
were found at point T2 and point 10, and the pH values of both were between 5.0 and 6.5,
which is acidic water quality. A tailings pond about 0.5 km to the west of the river basin
was considered to be one of the possible reasons for the abnormal pH of the river, as it
featured acidic mine-polluted wastewater with excessive heavy metal content discharged
to the main stream upstream of point T2 [34]. According to previous research and analysis,
the main formation of acid drainage in mines occurs as follows: first, in the mineral
processing process of mining activities, different grades of ores need to be purified to a high
grade, which can be achieved by adding a large number of acid reagents. The wastewater
discharged after the completion of ore processing activities is the main acidic water in
mining areas; second, sulfide minerals stacked in the open air in the mine waste dump and
tailings pond can easily oxidize and form sulfate ions and heavy metal ions after contacting
with the air. In the case of precipitation or transportation treatment, they are enriched in
the mining area through leaching and form acidic wastewater; third, groundwater seepage
and tailings pond waste leakage are inevitable in mining activities [35], and there may be
rocks and soils containing sulfur or heavy metal elements in the underground strata, which
may dissolve and form acidic mine water in long-term mining activities. In this study,
developing this large molybdenum mine may produce acid mine drainage in these three
ways. Combined with the previous research results and the analysis of the local original
geological background, the acid wastewater produced by mining activities in the mining
area and its unqualified discharge was another important reason for the heavy metal Cd
and Zn pollution in the Wenyu stream. The main solutions for acid wastewater are to
block the source of pollution, control the migration of wastewater, and actively (passively)
treat the end of water inflow [36]. When studying the pollution of coal mines in Guizhou,
predecessors proposed that filling the mined-out area with carbonate rocks can be used
in the mining area to avoid the discharge of acid water in the mining area [37]. From the
biological point of view, other researchers have suggested that the domesticated microbial
population can be used to treat acidic wastewater [38].
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4.2. Source of Surrounding Rock Polluted by the Wenyu Stream

Based on the test results in Tables 6 and 7, the distribution of Cd and Zn contents
in the rock samples was different. The surrounding rock sample with the highest Cd
content was a pyrite-rich pit wall rock, while the surrounding rock sample with the highest
Zn content was a metamorphic slate. The average abundance of Cd in the crust was
0.2 mg/kg, one of the trace heavy metal elements in rocks. Under different oxidation
conditions, such as strong oxidation, Cd formed CdO, CdCO3, and other oxidized minerals,
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or CdSO4 entered the aqueous solution; for example, under weak oxidation conditions,
sphalerite is oxidized and dissolved rapidly, and Cd remains as cadmium sulfide (CdS).
For a long time, there were many kinds of Cd and Zn elements remaining in the primary
occurrence environment of mineral processing plants, mining yards, transportation yards,
and other mining activities, which were released from minerals and rocks and migrated and
transformed in the primary geological environment, eventually accumulating and enriching
in the whole watershed and causing pollution effects on the river and its sediment.

4.3. Impact of Heavy Metal Release from Sediment on River Water

The process of river pollution caused by the release of potential toxic elements in
sediment is now a hot point. A study was conducted to analyze the concentration of eight
PTEs (Cu, Pb, Zn, Cd, Ni, Cr, As, and Hg) in sediment samples from the BeiJiang River and
its tributaries in Guangdong Province, China. The researchers used the geoaccumulation
index to assess PTEs pollution in that area. The study revealed that the main stream had
higher levels of PTEs compared to the branch ditch, primarily due to the presence of mining
yards and smelters in the vicinity [39]. In a study on the release kinetics of potential toxic
elements from urban water-polluted sediments in Guangzhou, the first stage involved the
rapid desorption of PTEs from the sediment surface, while the second stage involved the
slow diffusion of PTEs from the micropores inside sediments to the external solution [40]. In
a study on the release of elements in river sediments in the Songhua River, it was observed
that factors such as temperature, pH, water disturbances, and salt concentrations have
different influence on the release of PTEs [41]. Following the extraction of molybdenum ore
in the study area, heavy metal ions such as cadmium and zinc were released into the Wenyu
stream. A comparison of the Cd content exceeding the standard in Figures 3a and 10a
revealed that the average Cd content in sediment samples was 4.55 times higher than in
stream samples. The release of PTEs into the river through different pathways resulted
in changes in the pH, water quality, and function of the river water body as it migrated,
transformed, and accumulated from downstream to upstream. When the released heavy
metal ions infiltrated into the groundwater [42], suspended solids became sediment and
affected the water quality. Previous studies conducted in the Guangdong Province have
demonstrated that various methods can be employed to remediate heavy metal elements
in river sediment. These methods include physical techniques like artificial dredging,
chemical approaches utilizing remediation agents, as well as biological methods involving
microorganisms and plant communities [43]. In order to control and restore the rivers in
mining areas, it is crucial for relevant personnel to prioritize the treatment of river sediment
pollution, know the types and treatment methods of PTEs in sediment, and strike a balance
between China’s economic development and environmental protection.

4.4. Sources of Heavy Metal Pollution from Atmospheric Dust Fall in the Wenyu Stream

Many pieces of heavy equipment in the mining area will produce dust during opera-
tion. Fresh mining faces, waste dumps, and refuse soil dumps will produce dust particles
through geological weathering under open conditions. The entire mining process may pro-
duce many heavy metal ions and sulfate ions which finally directly enter the river through
wind transport. According to the geographical distribution characteristics of the large
molybdenum mine in Figures 1 and 3, the Wenyu stream watershed was densely covered
with mining yards, concentrators, and tailings ponds. The most seriously polluted main
ditch points were points No. 10–16, and the branch ditch points were points No. T2 and
T4. These positions may be within 0.5–1 km downwind of a large number of dust-raising
mines [44]. When predecessors studied the spatial distribution, source, and migration of
PTEs in the sediment of the Beiyun River, the main source was the enrichment of PTEs in
atmospheric particles. It was speculated that the metals in the sediment mainly entered
the river and were deposited by rainwater runoff, similar to the basis of atmospheric dust
sources studied in this paper [45]. Research on the flux characteristics of heavy metal ele-
ments imported into the urban system showed that the spatial distribution of atmospheric
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dust pollution was closely related to the distribution of pollution sources [46]. Combined
with the research of this study, it showed that the development and utilization of mineral
resources produce significant dust movement and sedimentation, which may be another
important reason for PTEs pollution in the stream. In order to reduce the impact of atmo-
spheric fugitive dust on the health of the ecological environment, previous studies have
suggested that the economically sustainable development goal of ecological environment
treatment and regeneration could be achieved by controlling the length of the dry beach of
the tailings pond, strengthening the management and capital investment in the multi-pipe
discharge of the tailings pond, using a dust-covering agent [47] to inhibit wind erosion
on key road sections, and building a special spray pipe network to increase fugitive dust
agglomeration or using soil-covering methods [48].

4.5. Health Risks of Cd and Zn

Cadmium [49] is a toxic, carcinogenic element known to easily accumulate in the
human body for a long time. Cadmium poison from floating dust is continuously deposited
in the deep lung due to human respiration. Excessive cadmium content in the water will
cause joint pain in the short term and cause death due to the induced syndrome after several
years [50]. A small amount of zinc [51] can promote the growth of brain cells and is one of
the essential elements in the human body. However, a large amount of zinc supplementation
and long-term accumulation in the human body will lead to copper deficiency and even zinc
poisoning [17]. In the water pollution of rivers, the substances harmful to the human body
in the water environment are usually divided into two categories depending on how they
enter the body—drinking water and skin—which may cause health risks to the human body.
By using the model recommended by USEPA to calculate the health risk of Zn on the human
body through skin and drinking water and the health risk of chemical carcinogen Cd [52],
this study found that the risk level of Zn on human health through skin and drinking water
in the Wenyu stream watershed was low, but the average content of Cd carcinogen was
only slightly lower than the limit value specified by the National Radiation Protection
Commission. This has a significant impact on the health of surrounding residents and the
ecological environment. When previous works studied the treatment of PTEs in rivers and
sediment, they usually used the methods of centrifugal removal of cadmium dust, sulfide
precipitation of cadmium sewage, and cement solidification treatment of cadmium waste
to prevent the impact of heavy metal element cadmium on human health [48]; chemical
precipitation [53], reverse osmosis, electrodialysis [54], and other methods were used to
reduce the zinc in rivers and sediment to prevent the possible harm of excessive zinc [55]
to the human body [51]. While developing the mining economy and heavy metal industry,
we require people to make efficient and planned use of heavy metal resources on the one
hand; on the other hand, we should ensure environmental protection and environmental
restoration to achieve sustainable economic development [56].

5. Conclusions

The mineral exploitation in large-scale metal mining regions has a significant impact
on the water quality of downstream rivers and the environmental management of river
sediment. This study conducted on-site sample collection and indoor testing to analyze
the concentrations of potential toxic elements Cd and Zn in surface water, sediment,
and surrounding rock samples from the Wenyu stream watershed. The stream water
samples were assessed using the single-element pollution index method and a health risk
assessment of potential toxic elements. The sediment samples were analyzed using the
single-element pollution index, geoaccumulation index, Hakanson potential ecological risk
assessment, and heavy metal pollution comprehensive index method. Consequently, a
comprehensive evaluation was conducted to determine the pollution status and ecological
risk level of river water and sediment samples in the watershed. The study also examined
the impact of molybdenum mine development on the Cd and Zn content in the Wenyu
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stream. Additionally, various potential sources of pollution and corresponding treatment
measures were analyzed.

(1) Among the 23 river water sample points in the main stream, the Cd content at
11 points was notably higher than that of the control area unaffected by mining activities.
Additionally, the Zn content at 10 points exceeded the average content of the contrast area.
The average Zn content in the main channel was higher, and the average Cd content in the
cancer region was double that of the unaffected area. These findings indicate a significant
impact of PTEs pollution in the Wenyu stream watershed.

(2) The river water and sediment samples collected from the main ditch of the Wenyu
stream generally met the Class II standard for surface water and the standard for agricul-
tural sludge land. Out of the samples, 22 points met the Class I and Class II standards
for surface water, accounting for approximately 95.65% compliance. The overall water
quality and sediment condition of the Wenyu stream were relatively satisfactory for Cd,
while only three points slightly exceeded the agricultural sludge control standard for Zn.
The comprehensive risk assessment analysis of the water environment indicated that the
overall level of the Wenyu stream watershed was below the maximum acceptable risk level
set by USEPA. The comprehensive index for heavy metal pollution in sediment revealed
that the sediment in the Wenyu stream was significantly influenced by mining activities,
but it generally complied with the agricultural sludge usage standard.

(3) The primary sources of heavy metal pollution in the Wenyu stream watershed
include high concentrations of PTEs in ores and surrounding rocks, acid drainage from
mining activities, sediment release, and atmospheric deposition of dry and wet dust.
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