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Abstract: Acid mine drainage (AMD) is a major anthropogenic source of heavy metal discharge
worldwide. However, little research has been carried out on the development of AMD in abandoned
pyrite mines and the heavy metal contamination of mine surface water. The aim of this study
was to investigate and assess heavy metal pollution in three streams within an abandoned pyrite
mine area in southeastern Shaanxi Province, China. Surface water pollution was assessed using
the pollution index assessment method and the health risk assessment model. The results showed
that the combined heavy metal pollution indices of the surveyed rivers were Tielu Creek (4699.227),
Jiancao Creek (228.840), and Daoban Creek (68.106). After multivariate statistical analysis, it was
found that the tailings slag and mine chamber in the abandoned mine area were the main causes of
AMD, and AMD posed a serious risk of heavy metal pollution to the surrounding waters. The risk
of carcinogenicity of heavy metals is also quite high in the surface water of mining area. Therefore,
there is an urgent need to ecologically manage heavy metal pollution from abandoned mine sites, and
this study provides insights into understanding heavy metal pollution in the aquatic environment of
abandoned mine sites.

Keywords: acid-mine drainage (AMD); heavy metals; water quality index; human health risk;
multivariate statistical analysis

1. Introduction

A great deal of rivers are contaminated by heavy metal pollution from modern in-
dustrial growth, affecting aquatic biological structure, function, water resource utilization,
and biological health [1-5]. Heavy metals are particular non-biodegradable pollutants
that are released into aquatic ecosystems, enter the water and sediment phases, accumu-
late in organisms, and cause a number of serious diseases and disorders, even at low
concentrations [6-9], such as neurological, cardiovascular, respiratory, and reproductive
issues [10]. The main source of heavy metal contamination of river water bodies, heavy
metal enrichment of river sediments, and severe harm to aquatic creatures is unregulated
mining activity [11-13], particularly in the majority of developing nations such as India,
Peru, Ghana, etc. [14-19]. In the course of mining operations, pyrite oxidation combines
with oxygen and water to create metal ions and sulfuric acids. This material then reacts
with the rocks, surface water, and groundwater to create acid mine drainage (AMD), which
is water with a pH of 2 to 8 [20-22]. With AMD, large amounts of acid and high levels
of heavy metals are created, which has long-lasting negative effects on the soil, water
systems, and other species [23,24]. Almost all major global mining countries have serious
AMD problems; even when the mining process is stopped, AMD may continue to form for
hundreds or even thousands of years [25]. Lefcort et al. showed that even 70 years after
the closure of a mine, the effects of increased heavy metal pollution from mining activities
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on river community ecosystems persisted [26]. Heavy metal mining leaves slags, pits, and
other waste that react with air and water to form AMD. These are transported by surface
runoff and spread to the surrounding area, causing severe heavy metal pollution in rivers
and soil, seriously threatening water security for local residents and crop growth, which is
a problem that has attracted global attention [27,28].

Heavy metal contamination from mining activities is also common in China. Acidic
wastewater generated by the mine accelerates the solubility of heavy metals, which allows
them to travel long distances and damage nearby rivers, nearby soil, and even ground-
water [29]. In the Dabaoshan Mining District of China, extensive mining activities have
been carried out over the past 40 years, and downstream of the mining district shallow
aquifers are contaminated with a variety of heavy metals from the discharge of acidic mine
effluents [30]. A study by Peng et al. investigating the Hejiacun uranium mine in Hunan,
China, showed that AMD water and surface water at the mine site were potential sources
of heavy metal pollution in the surrounding environment [31]. The Dabao Mountain
polysulfide mine in China has produced a large amount of overburden and accumulated
a large amount of waste rock, and the mine wastes without proper treatment have led
to the generation of large amounts of acidic wastewater, and simultaneously released a
large amount of toxic and harmful heavy metal ions, resulting in heavy pollution of the
surrounding rice fields and ponds. Pollution from the Hengshi River in the mine area
has spread downstream to the town of Xinjiang, causing the deaths of numerous aquatic
organisms in the water body [32]. Mining activities and mine remnants are the main causes
of environmental problems downstream of mines. However, most current studies have
focused on mines with ongoing production activities and their downstream heavy metal
pollution, with fewer investigations on the environmental impacts of closed mines.

In this study, a total of three streams in the abandoned pyrite mine of southeast
Shaanxi were investigated and analyzed. Due to careless mining practices, antiquated
technology, and a lack of environmental protection awareness, waste ore slag was dumped
into mining caves as they were being dug, abandoned mining caves and waste slag were
piled up with the slope, and waste slag was discharged directly into nearby rivers, where
it was oxygenated in the air, turned into “sulfur water”, and caused some river sections
to fall below water quality standards and the riverbed to turn yellowish-brown. Jiancao
Creek, Daoban Creek, and Tielu Creek, three streams in the study area, join to form the
Baishi River, a tributary of the upper Han River that runs through the city. Heavy metal
pollution in the rivers poses a serious threat to the local ecological environment and the
health of the local population. In this study, we attempted to understand the pollution
pathways and extent of acid mine drainage generated from multi-year abandoned mines
on the surrounding surface water environment, and to analyze the main pollution factors
and their composition in river water bodies. By obtaining water samples from nearby
rivers, we were able to determine the distribution of surface water contamination caused
by abandoned tailings. We also examined how rainfall affected the concentrations and
transport of pollutants in rivers by collecting water samples both before and after rain.
Determining the pollution level of water bodies in the study area was carried out using
the Nemerow index method. The non-carcinogenic risk of water bodies was evaluated
using the health risk index calculation, and the pollution sources and spatial variations in
the distribution of pollution were analyzed using Pearson correlation analysis, principal
component analysis, and cluster analysis.

2. Materials and Methods
2.1. Study Area

This study was conducted in Baihe County, southeastern Shaanxi Province, China.
Baihe County has a continental monsoonal humid climate with an average temperature
of 12.2-16.5 °C and an average rainfall of 787.4 mm. It has a distinguished ecological
status and is located in the South-North Water Transfer Central Line’s water quality impact
area. The mineral resources in Baihe County are abundant, with 23 deposits of gold, silver,
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copper, iron, lead, zinc, and other metals dispersed throughout the area’s mountains and
waterways. In the 1960s, Baihe County began the mining and beneficiation of iron sulfide
ore resources and other production activities.

2.2. Sample Collection and Preparation

For the purpose of investigating the distribution of heavy metals in the water body,
samples were taken on March 2022, from Jiancao Creek, Daoban Creek, and Tielu Creek at
17 water points representing the surface water quality of the abandoned mine area, labeled
J1-J7 (Figure 1a), D1-D5 (Figure 1b), and T1-T5 (Figure 1c). Water samples were taken
from upstream, downstream, and from each tributary of each river confluence. At the time
of sample collection, the instruments were thoroughly cleansed with river water to prevent
dissolved trace metal elements in the water samples from being contaminated by other
substances. Water samples were taken using a water sampler at every point of sampling,
allowed to settle for five minutes, and then filtered through a 0.45 pm acetate membrane
and stored in fully rinsed polyethylene bottles. One liter of water was then taken from
every site of sampling for laboratory analysis. Fifteen water samples were taken before the
rain and 17 samples were taken after the rain because of the flow interruption at sampling
points D5 and J5 before the rain.
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Figure 1. Location map and sampling sites map of abandoned mine sites in southeast Shaanxi.

Lab analysis was carried out after pre-treatment. Water samples for trace metal content
assays were acidified with concentrated nitric acid to pH < 2 and all examples were kept
at roughly 4 °C prior to detection. The pH, Fe, Mn, Cu, Zn, As, Cd, Se, and sulfate
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levels in the water samples were all measured. Utilizing an inductively coupled plasma
mass spectrometer (ICP-MS) to determine the mass concentrations of heavy metals and
metalloids in the lab, quality control was carried out using reference materials provided by
the National Standards Center, and the results were found to meet the standards.

2.3. Nemerow Composite Pollution Index Method

A common composite multifactor pollution index called the Nemerow Composite
Pollution Index is often used to evaluate heavy metal pollution of water bodies and to
objectively reflect the pollution levels of water bodies [33]. The calculation formula includes
both a single pollution index and a multi-factor integrated pollution index. Based on the
results of the two pollution indices, it is possible to reflect the degree of pollution to
individual heavy metal elements as well as identify the primary factor, primary periods,
and primary areas of water contaminants. It can also reflect the integrated pollution of
multiple heavy metals, which can more accurately reflect the proportion of pollutants in
water bodies and highlight the influence of pollutants on the environment [34,35].

Single-factor pollution index:

P =Ci/B; (1)

Multi-factor integrated pollution index:

2 2
P — \/max(Pi) ;—ave(Pi) @)

where C; represents the measured concentration of heavy metal #; this study adopts the
Chinese surface water environmental quality standard III water standard, and Bi represents
the corresponding surface water environmental quality standard III water quality standard
value of heavy metals; max(P;) represents the maximum value of the single-factor pollution
index of heavy metals; and ave(P;) represents the average value of the single-factor pollution
index of heavy metals. Table 1 shows the assessment standards of the single-factor pollution
index (P;) and multi-factor integrated pollution index (Py,).

Table 1. Assessment standards of single-factor pollution index and multi-factor comprehensive
pollution index.

p; Pollution Level P, Pollution Evaluation
P <1 Cleaning P, <0.7 Non-polluting
1<P <2 Light pollution 0.7< P, <1 Low pollution
2< P <3 Moderate pollution 1<P, <2 Moderate pollution
P >3 Severe pollution Py>2 Strong pollution

2.4. Health Risk Assessment Methods

Two modes, direct human intake of water and skin absorption, are taken into ac-
count when analyzing trace element levels in the water according to U.S. Environmental
Protection Agency (EPA) risk standards. The hazard quotient (HQ) and hazard index
(HI) are widely employed in the assessment of aquatic animal risk. The non-carcinogenic
risk under various exposure pathways is evaluated using HQ, and the overall potential
non-carcinogenic risk of each heavy metal element is evaluated using HI. When HQ and HI
are greater than 1, the potential health risk posed by a particular pathway or element must
be taken into account [36]. The following equations were employed to calculate the daily
dosage of direct ingestion (ADDjygestion) and skin absorption (ADD gerpa1) through water, as
well as the cancerous and non-cancerous hazards of trace metals to humans, following the
pertinent USEPA documents [37]:

ADDjpgestion = (Cw % IR x EF x ED)/(BW x AT) 3)
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ADD jopmar = (Cwo X SA X Ky x ET x EF x ED x 107%) /(BW x AT) ()

HQ = ADD/RfD

RfDdermal = RfD X ABSg

HI =) HQ

Q)

(6)

@)

The physical significance of the parameters in the formula is shown in Table 2. K
is the dermal permeability coefficient in water (cm/h, Table 3), RfD is the corresponding
reference dose (ugkg 'day !, Table 3), and ABS; is the gastrointestinal absorption factor
(Table 3). The parameter values were taken from Refs. [3,38-40].

Table 2. The health risk model calculation parameters.

Parameters Physical Meaning Units Adult Child

ADDjygestion daily dose consumed through direct water intake

ADD jormal daily dosage absorbed by the skin / /
Cuw average heavy metal element concentration in every water sample ng/L / /
BW average body weight kg 70 15
IR ingestion rate L/day 2 0.64
EF exposure frequency days/year 350 350
ED exposure duration years 30 6
AT average time days 25,550 2190
SA exposed skin area cm? 18,000 6600
ET exposure time 1h/day 0.58 1
Ky dermal permeability coefficient cm/h

Table 3. Dermal permeability coefficient, Gastrointestinal absorption factor, and Reference dose for
trace metals in the Jiancao Creek, Daoban Creek, and Tielu Creek.

Kp ABSgy RfD ingestion RfD dermat
cm/h ng/kg/Day
Fe 0.001 0.014 700 140
Mn 0.001 0.06 24 0.96
Cu 0.001 0.57 40 8
Zn 0.006 0.01 300 60
Cd 0.001 0.57 0.5 0.025
As 0.001 0.01 0.3 0.285
Se 0.001 0.05 5 2.2

2.5. Multivariate Statistical Analysis

To identify the associations between the variables and investigate their statistical sig-
nificance, multivariate statistical techniques were applied [41,42]. In this study, correlation
analysis, principal component analysis, and cluster analysis were carried out to compare
the spatial differences of water quality parameters among water sampling sites in order to
investigate the potential sources of trace metal elements by reducing the dimensionality of
the data set and the spatial distribution characteristics. In this research, SPSS (IBM SPSS
Statistics 26, Armonk, NY, USA) was used for data analysis to determine the source of
contamination.
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3. Results and Discussion
3.1. Spatial Distribution Characteristics of Trace Metal Concentration

It is efficient to identify specific pollution exceedances in a water body and confirm
the degree to which pollutants are exceeding the standards by comparing them to relevant
water quality standards [43,44]. Table 4 displays the surface water environmental quality
standards for China, the WHO (2011) Drinking water Guidelines, and the USEPA (2011)
Drinking water Guidelines, along with the water bodies, pH, sulfuric acid concentration,
and trace metal element content of the rivers in the area of the abandoned pyrite mine.
As can be seen from Table 4, the trace metal elements Fe, Mn, Zn, Cu, Cd, As, and Se in
the water bodies all exceed the water quality standards of the waters to varying degrees.
Surface water in the mining region has dissolved trace metal concentrations in the following
order: Fe > Mn > Zn > Cu > As > Cd > Se. Among them, the heavy metal Fe element
exceeds the standard by the largest margin, and the average value of Fe content in the
Daoban Creek, Jiancao Creek, and Tielu Creek is 171.6 times, 320 times, and 6590 times
the standard of Fe concentration in Class Il waters, respectively. The water bodies in the
research region have also undergone substantial acidification, with the pH of the Jiancao
Creek and Tielu Creek’s waters ranging from 2 to 3. The table also shows that sulfuric
acid concentrations are also exceeded. The water samples from the three rivers showed
low pH, high sulfate concentration, and high trace metal concentration, reflecting the same
correlation among water pH, sulfuric acid concentration, and trace metal content. This may
be due to the fact that the oxidation of iron sulfide produces large amounts of hydrogen
ions and sulfuric acid, while low pH facilitates the dissolution of trace metals in the
water column, and acidic water improves the diffusion of trace metals in the water, which
leads to the pollution of rivers [45]. According to the box line diagrams (Figures 2 and 3),
Tielu Creek and Jiancao Creek have significantly higher sulfuric acid and trace metal
concentrations than the Daoban Creek. Upon further investigation, it was discovered that
the waste rock floor space and stockpile on Daoban Creek are relatively smaller than those
on the other two rivers, suggesting that the pollution level may be related to waste rock pile
stockpiles. This illustrates that precipitation and riverine leaching from mine waste rock
heaps may be the main sources of trace metal pollution of the study area’s water bodies.
In the Supplementary Materials, we consider the effects of precipitation on surface water
pollution. As shown in Figure S1, there is no significant change in ion concentrations in
the two batches of water samples before and after rainfall, possibly because while rain
brings clean water to dilute trace elements in the river, it also washes away the remains of
abandoned mines, which in turn causes more pollutants to enter the river.

Table 4. Statistical tables for analysis of river water parameters and quality standards for surface
water and drinking water (units in mg/L for trace elements).

Creek pH S04~ Fe Mn Cu In As Cd Se
China ? 6-9 250 0.3 0.1 1 1 0.05 0.005 0.01
WHOP® 6.5-8.5 250 0.3 0.4 2 3 0.01 0.003 0.01
MCLG 1.3 0.05 0.05
USEPA © MCL 13 0.05 0.05 0.05
Mean 2.72 1299.27 9.1 3.88 0.73 1.35 0.005 0.06 0.0017
Jiancao Var 0.03 8.0 x 10° 1.2 x 10* 2.08 0.21 0.89 4 %1075 0 1.14 x 1077
Creek Min 241 570.8 3.19 1.39 0.26 0.26 <0.0003 <0.05 <0.0004
Max 2.99 3684 358.8 6.2 1.8 3.57 0.02 0.06 0.002
Mean 5.55 5.15 7.92 2.40 0.20 0.44 0.15 / 0.01
Daoban Var 5.15 451 x 104 446 x 10° 0.71 0.08 0.24 0.11 / 0.00
Creek Min 24 0.2 <0.03 <0.01 <0.05 <0.05 <0.0003 <0.05 <0.0004
Max 7.92 656.7 197.2 1.96 0.77 1.45 0.875 <0.05 0.026
Mean 221 7.7 x 103 1977 21.48 6.73 862.18 0.13 0.1 4x1073
Tielu Var 0.01 1.7 x 107 5.3 x 10° 78.38 5.07 6.5 x 10° 7 x 1073 0.019 3.7 x 1077
Creek Min 2 0.205 1010 9.06 3.78 3.39 0.041 0.14 3x 1073
Max 24 14 x 104 3428 36.75 11.1 8526 0.27 3.6 x 1072 45 %1072

Note(s): * Chinese Surface water environmental quality III water standards (GB 3838-2002). b WHO (2011)

drinking water guidelines. © US EPA (2003) drinking water standards.
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Figure 3. Box line diagram of sulfuric acid and trace metal concentrations in water samples after rain
in the study area.

To better understand the spatial distribution of water chemical characteristics, it is
helpful to analyze both the characteristics of collected water samples and the locations
where they were sampled. This analysis can help identify sources of pollution and trends
in spatial variation [46,47]. The variation of sulfuric acid concentration and trace metal
concentration with sampling points in the three rivers in the study area are shown in
Figure 4. The concentrations of sulfuric acid and Fe, Mn, and Zn ions in the river water
samples of the research zone were large and were the main pollution factors, while the
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concentrations of As, Cd, and Se were low, even down to the detection limit at some
sampling points. The concentrations of sulfuric acids, Fe, Mn, and Zn reached their
maximum values at sampling points J6, D5, and T4 of the three rivers, respectively. The
riverbeds of these three sampling points were directly covered in slag, and the water bodies
were severely polluted by trace metals from leaching waste rock piles. The dissolved trace
metal content in the water bodies was significantly increased, reflecting the vulnerability of
the water body environment. Because of the processes of movement, dilution, deposition,
and reaction of the river water, the concentration of pollutants reduces where tributaries of
rivers such as ]7, D5, and T5 meet [48]. Of all the water samples, the sampling points with
serious exceedances of sulfuric acids and trace metal standards are mostly located in the
streams and ditches behind the slag as well as in the streams and ditches adjacent to the
mine chambers. As a result, the abandoned slag leachate and the mine chambers gushing
water are the direct causes of excessive heavy metal content in surface water.
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Figure 4. Single-factor pollution index percentage stacked histogram.

3.2. Heavy Metal Pollution Index of Surface Water in the Study Area

The Nemerow pollution index eliminates the variations in the magnitude of trace
metal concentrations, making it simple to compare pollution levels and improving the
clarity of assessment results. The single-factor pollution index was calculated using the
trace metal concentrations in the Daoban Creek, Tielu Creek, and Jiancao Creek water
bodies to determine the main trace metal pollutants and the severity of their harm. This
index was combined with the multi-factor integrated pollution index to accurately reflect
the level of pollution in the water bodies while emphasizing the contribution of the more
harmful heavy metal pollutants. Equation (1) was used to determine the Nemerow single-
factor contamination index for each element of pollution in the three streams. The Jiancao
Creek’s trace metal contamination levels are Fe > Mn > Cd > Zn > Cu > As > Se. Fe
(320.336) and Mn (38.769) have Nemerow merely indices (P;) greater than 3, indicating that
there is heavy contamination; Cd (1.846) and Zn (1.354) have light contamination and Cu
(0.728), As (0.079), and Se (0.092) have no contamination. Each trace metal element in the
Daoban Creek has a pollution level of Fe > Mn > As > Se > Zn > Cu > Cd. The Nemerow
single-factor pollution index (P;) of Fe (171.64), Mn (11.8), and As (3.51) is greater than
3, indicating that the pollution level of these three trace elements is strong; the pollution
index of Cu (0.244), Zn (0.51), Cd (0), and Se (0.78) is less than 1, and the concentration
is low and at a clean level. Each trace metal in the Tielu Creek has a pollution level of
Fe > Mn > Cd > Cu > Zn > As > Se. Fe (6590), Mn (214.76), Cd (17.872), Zn (10.077), and
Cu (6.732) are the heavy metal elements with the highest levels of pollution in the Tielu
Creek water body. Meanwhile, Se (0.156) has a pollution index below 1 and is in a clean
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state and As (2.3594) has a moderate pollution level. Therefore, it can be concluded from
the P; value that Fe and Mn are the main heavy metal elements responsible for polluting
water bodies in the study area. Their pollution levels are both shown to be high, which
poses a threat to the environment of the water bodies. Sulfuric acid pollution is a problem
that needs to be addressed in addition to trace metal pollution because Jiancao Creek and
Tielu Creek have moderate sulfate pollution levels.

The bar chart of the single-factor pollution index of Nemerow in the study area
is shown in Figure 4. As can be seen from the figure, the main contamination factor
in the study area is Fe, especially in the Jiancao Creek and the Tielu Creek, where the
contamination by the heavy element Fe is dominant. This is consistent with the spatial
distribution characteristics of trace metals above, and the reason for the occurrence of this
phenomenon is related to the AMD generated by waste rock piles and abandoned mine
caverns in the study area. It is noteworthy that the pollution of As and Se in Daoban Creek
is serious, which may be due to the distribution of villages and farmlands around Daoban
Creek, and trace metals from the accumulation of crop fertilizers, pesticides, and domestic
wastes entering the water body of Daoban Creek with surface runoff, so the pollution of As
and Se in Daoban Creek is concerning.

The histogram of the integrated pollution index (P;) of Nemerow in the study area
is shown in Figure 5. The integrated pollution index of water samples taken from the
remaining sampling points, with the exception of D1 and D2, is greater than 2, indicating
a serious level of pollution. According to Equation (2), the integrated pollution indexes
of the three streams and ditches were calculated. Tielu Creek had the highest combined
pollution index (4699.227), followed by Jiancao Creek (228.840), and Daoban Creek (68.106),
and all three creeks had P, values greater than 2. All three rivers are in a serious state of
pollution, with poor water quality and significant pollution threats to the water safety of
residents in downstream villages, according to the integrated pollution index judgment
guidelines. Compared with the Nemerow single-factor pollution index, the Nemerow
composite pollution index expands the influence of high concentrations of heavy metals,
and in these mine spoils the Nemerow integrated index is chiefly influenced by the value
of the single-factor pollution index for iron, and the heavy metal pollution is mainly iron.
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Figure 5. Composite pollution index histogram.
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3.3. Health Risk Evaluation

The non-carcinogenic risk of surface water in the study area was assessed using HI and
HQ. These values are listed in Table 4 along with the HQ and HI calculation results of trace
metal elements for grown-ups and children through direct intake and dermal absorption.
The HQjngestion and HQgera1 values of Fe and Mn are greater than 1 for both adults and
children in the study area, indicating that these two trace elements are the main ions of
greater hazard and a carcinogenic risk to human health in the study area. Along with Fe
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and Mn, the HQjygestion and HQgeyma values were higher than 1 for Cd in Jiancao Creek;
As in Daoban Creek; and Zn, Cd, and As in Tielu Creek, reflecting spatial differences in
non-carcinogenic risks among the rivers in the study area. Cu element in Tielu Creek had
a HQgermar value less than 1 and HQjyeestion Value greater than 1, indicating the possibility
of negative health effects and carcinogenesis from daily consumption of this element in
people. According to Table 5, children generally have higher HQ and HI values than adults,
which is related to their level of physical fitness and drinking habits. This shows that
children are more vulnerable to trace elements than adults in the same environment. The
following is a list of the different trace elements’ non-carcinogenic risk coefficients in the
study area, ranked from largest to smallest for both adults and children: Fe > Mn > Zn >
As>Cd > Cu > Se.

Table 5. Hazard quotient for trace metals in the Jiancao Creek, Daoban Creek, and Tielu Creek.

Creek HQingestion HQgermal HI

Adult Child Adult Child Adult Child

Jiancao Creek 3.76 5.62 7.01 2.07 1.08 2.63
Fe Daoban Creek 1.44 2.15 2.69 7.92 4.13 1.01 x 10!
Tielu Creek 7.74 x 101 1.16 x 10% 1.44 x 10? 4.26 x 102 2.22 x 102 541 x 102
Jiancao Creek 443 6.61 9.63 2.84 x 10! 1.41 x 101 3.50 x 10!

Mn Daoban Creek 1.36 2.03 2.95 8.70 4.31 1.07
Tielu Creek 2.45 x 10! 3.66 x 10! 5.33 x 10! 1.57 x 102 7.79 x 10 1.94 x 102
Jiancao Creek  5.00 x 107! 7.47 x 1071 2.29 x 1072 675 x 1072 523 x 107! 8.14 x 1071
Cu Daoban Creek  2.99 x 1071 447 x 1071 1.37 x 107! 4.04 x 1072 313 x 107! 487 x 107!

Tielu Creek 4.61 6.88 211 x 101 6.23 x 1071 482 7.51
Jiancao Creek 1.23 x 1071 1.84 x 1071 1.93 x 1071 5.70 x 1071 3.16 x 1071 7.54 x 1071
7n Daoban Creek  4.03 x 1072 6.02 x 1072 6.32 x 1072 1.86 x 1071 1.03 x 1071 247 x 1071
Tielu Creek 7.87 x 101 1.18 x 102 1.23 x 102 3.64 x 102 2.02 x 102 4.81 x 102
Jiancao Creek 3.29 491 6.86 2.03 x 10! 1.02 x 101 252 x 10!

cd Daoban Creek / / / / / /

Tielu Creek 548 8.18 1.14 x 101 3.38 x 10! 1.69 x 101 419 x 10!

Jiancao Creek  4.57 x 107! 6.82 x 1071 251 x 101 7.40 x 1071 7.08 x 1071 1.42
As Daoban Creek 1.35 x 101 2.01 x 10! 7.39 2.18 x 10! 2.08 x 10! 4.19 x 10!
Tielu Creek 1.19 x 101 1.77 x 10} 6.52 1.92 x 10! 1.84 x 101 3.70 x 10!
Jiancao Creek  9.32 x 1073 1.39 x 1072 1.11 x 1072 3.26 x 1071 2.04 x 1071 4.65 x 107!
Se Daoban Creek  4.71 x 1072 7.04 x 1072 559 x 1072 1.65 x 1071 1.03 x 1071 2.35 x 1071
Tielu Creek 2.19 x 1072 3.27 x 1072 2.60 x 1072 7.67 x 1072 479 x 1072 1.09 x 1071

Excessive human intake of iron will be toxic to human tissue, leading to tissue damage
and organ failure [49]; manganese in the body will produce neurotoxicity, inducing Parkin-
son’s disease [50]; excessive intracellular zinc content will promote apoptosis, leading
to cellular nervous system decline, which may induce the onset of Alzheimer’s disease;
arsenic may cause potential carcinogenic effects on the body’s blood vessels and bladder,
etc., resulting in lesions [51,52]; cadmium has adverse effects on the renal system, which is
the cause of immune deficiency and bone damage [53]; copper in the human body, once
the content is excessive, will lead to abnormal changes in the metabolism of human tissue
form [54]. Excessive intake of selenium over a long period of time can be toxic to the
human body, causing pallor, mental fatigue, gastrointestinal disorders, indigestion, and
other serious consequences. In general, it is necessary to take some actions to decrease the
entry of trace elements into water bodies in the surface waters of the study area to protect
human health and aquatic ecosystems. Additionally, since the concentrations of Fe and Mn
are significantly high, special precautions should be taken to prevent these two elements
from entering rivers.
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3.4. Multivariate Statistical Analysis
3.4.1. Correlation Analysis

The data set was subjected to correlation analysis in order to describe the relationship
between trace metals in the form of a mathematical language and learn more about the
origins of the chosen heavy metal elements [55]. Correlation analysis has been widely
used to investigate the relationship between heavy metal element variables in water [56,57].
Figure 6 displays the correlation analysis for the pH, trace metal concentration, and sul-
furic acid content in the study area. This indicates that the lower the pH, the higher the
concentration of trace metals and sulfuric acid. Metal sulfides (such as pyrite, arsenopyrite,
and chalcopyrite) produce a high concentration of sulfate ions and hydrogen ions when
oxidation occurs. The acidic water also accelerates the oxidation dissolution of heavy
metals into minerals [45,58]. Additionally, pH and arsenic showed a positive correlation at
the significance level of p < 0.01, and an increase in pH resulted in the dissolved release
of As, which is consistent with the findings of Mirazimi et al.’s study [59]. Trace elements
with high correlation coefficients in the water column may have similar hydrochemical
characteristics in the investigated area [56]. A significant correlation between trace metal
elements implies that these elements are homologous or have a certain correlation. Fe, Mn,
Cu, and Cd heavy metals were discovered to have a strong positive correlation that ranged
from 0.707 to 0.986. Sulfuric acid and Fe, Mn, Cu, and Cd also showed strong positive
correlations (p < 0.05). The source of heavy elements and sulfuric acid may be related to
the oxidation of sulfides, and these contaminants may have come from the waste piles of
abandoned sulfur iron ore mines.

As | 0.68 As - -0.2

Cd|-039 08 083 0.71 Cd -0.4

-0.6
Se Se

-0.8
S0,2-[-040 0.87 0.86 065 0.96 S0,2-

-1
pH Fe Mn Cu Zn As Cd Se SO,-

* p<0.05 ** p<0.01

Figure 6. Heat map of correlation of physicochemical parameters in surface waters of the study area.
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3.4.2. Principal Component Analysis

By analyzing the principal components, the main sources of pollution can be ob-
tained [60]. The principal component analysis uses the maximum variance method to rotate
the factors, and the validity of the results of the principal component analysis is judged
by the KMO and Burtlett’s sphericity test, which is a measure of sampling adequacy with
a value between 0 and 1. A smaller value close to 0 indicates that it is not appropriate
to perform PCA, a value greater than 0.6 is considered satisfactory, and a value close to
1 improves the reliability of PCA. The results of the principal component analysis were
valid if KMO > 0.5 or Burtlett < 0.001 [61]. For the water bodies in Daoban Creek, Jiancao
Creek, and Tielu Creek, the principal components of factor analysis were used to extract
the key factors that explained the origins, make-up, and contribution of the seven trace
metals present in the water. KMO and Burtlett were 0.646 and 0.000, respectively, indi-
cating statistical significance. Table 6 shows that the cumulative contribution rate of the
three factors is 85.186%, of which the variance contribution rate of factor 1 is 52.388%, the
variance contribution rate of factor 2 is 16.960%, and the variance contribution rate of factor
3 is 15.838%. Therefore, the water quality of rivers in mining areas is affected by three main
factors (Figure 7).

Table 6. Principal component analysis of trace elements in surface water of abandoned sulfur and
iron mine area.

Variable Factor 1 Factor 2 Factor 3
Fe 0.979 0.091 0.074
Mn 0.965 0.106 0.067
Cu 0.862 0.447 0.065
/n 0.083 0.972 0.036
As 0.147 —0.126 0.749
Cd 0.928 —0.217 0.096

Se 0.011 —0.176 —0.773
Eigenvalues 3.667 1.187 1.109
Variance (%) 52.388 16.960 15.838
Cumulative (%) 52.388 69.349 85.186

1.0 Zn
o

Figure 7. Loadings of heavy metals in surface water from abandoned sulfur and iron ore mines.



Water 2023, 15, 3138

13 of 17

Factor 1 mainly has a high positive load with Fe, Mn, Cu, and Cd (all > 0.8). The
pollution of Fe, Mn, Cu, and Cd mainly comes from mining, electroplating, and heavy metal
processing industries. In our research, the source of heavy metals is related to the historical
conditions of mining in Baihe County. The river water quality is most adversely impacted
by the mine wastewater because the study area is located in an area where abandoned
non-ferrous metal mining operations once operated.

The correlation between factor 2 and Zn is large, which may be influenced by human
activities, and the heavy metal Zn may originate from the waste generated in human
activities [62]. It is assumed that the source of zinc is closely related to the rainwater
leaching of domestic pollution waste because the study area is close to the town of Qiazi
and there is a problem with domestic waste piling up and improper disposal, which affects
the water quality of the river.

Factor 3 has a high correlation with As. Sources of arsenic pollution include agricul-
tural activities such as pesticides and fertilizers [63]. The high concentration of arsenic is
mostly concentrated in the Daoban Creek, and upon investigation of the environment at
the time of sampling, it was discovered that the area was contaminated by agricultural
surface sources brought by the nearby farmland, and that the arsenic elements contained in
the pesticides and fertilizers used entered the river through surface runoff by rainwater
drenching. It is therefore assumed that the source of arsenic is closely related to human
agricultural activities.

3.4.3. Cluster Analysis

The purpose of hierarchical cluster analysis is to find groups of similar items and
variables (sample points) and group them together. When applied to a set of variables,
cluster analysis orders and categorizes the variables into groups that are as identical as
possible based on their correlations [64]. The cluster analysis is therefore based on the
spatial similarity of the ionic components in the water samples [65]. In this study, samples
were classified using hierarchical clustering of mean linkages (between groups), and a den-
drogram of the two statistically significant clusters was drawn at (Dlink/Dmax) x 100 < 25.
The dendrograms resulting from the analysis show the ranking of the variables (sampled
points) in similar clusters, while the distance between the points on the horizontal axis
represents the proximity order (Figure 8). In addition, on the plots, we can see how each
variable fits into successive clusters as they are formed, as well as determine when clusters
are formed. The sampling points form two main clusters. As a result, we can see that the
water samples from Jiancao Creek and Daoban Creek are grouped together, while the water
samples from Tielu Creek are in a different group. Combined with the above analysis, Tielu
Creek has the highest trace metal pollution index and the most severe level of pollution.
The pollution levels in Jiancao Creek and Daoban Creek are also relatively low, so the two
clustering results primarily reflect the extent of trace metal pollution. Based on the average
trace metal concentration of each cluster, clusters 2 and 1 can be classified as trace metal
pollution areas and moderate pollution areas, respectively.



Water 2023, 15, 3138 14 of 17

Dengrogram using Average Linkage(Between Group)
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Figure 8. Dendrogram of water samples of surface water of abandoned pyrite mine based on
clustering classification. Note(s): The red line intersects the cluster tree at two points, meaning that
there are three statistically significant clusters on the tree.

4. Conclusions

In this study, the spatial distribution and pollution characteristics of trace metals (Fe,
Mn, Cu, Zn, As, Cd, Se) and sulfuric acid in the surface waters of abandoned mining areas
in Baihe County were investigated. Using the Nemerow index, water body contamination
levels were assessed, and the non-carcinogenic risk was determined using HI. Additionally,
a variety of statistical analysis techniques were used to investigate the relationships between
heavy metals and pinpoint their sources. The key findings were as follows:

The trace metals such as Fe, Mn, Zn, Cu, Cd, As, and Se in the water bodies showed
different degrees of ecological and environmental risks, among which Fe and Mn showed
the most significant degree of contamination and the highest single-factor pollution index
in Nemerow. Tielu Creek had the worst heavy metal pollution of the three rivers studied,
and Tielu Creek had the highest integrated Nemerow pollution index. According to the
pollution index and hazard index findings, the water bodies in the study area are unsuitable
for use as drinking water or for daily activities and pose a high risk for ecological and
cancer-causing hazards. According to the results of the multivariate statistical analysis, the
main source of iron and manganese in water bodies was AMD from closed mines; waste
rock pile leaching pollution was the main source of pollution in this study area, and crop
fertilizers, pesticides, and household waste were the main sources of arsenic and zinc.

The findings of this study suggest that AMD is still being produced by long-abandoned
pyrite mines, which endanger nearby water bodies with pollution. This study brings insight
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into the understanding of the hazards of AMD generated by abandoned mines, as well as
the scientific treatment and ecological restoration of the remaining mine sites after mine
closure. However, this study does not investigate the impact of AMD on soil, which will be
improved in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15173138/s1, Figure S1: Changes in sulfate and heavy metal
concentrations in water samples before and after rain in the study area [66].
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