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Abstract: The present study aims to determine the concentrations and forms of Copper
(Cu), Lead (Pb), Zinc (Zn), Chromium (Cr), Cadmium (Cd), and Arsenic (As) in water and
sediments of the Xutuan mining area. The geoaccumulation index (Igeo) and ecological
risk assessment coding (RAC) methods were used to assess heavy metal pollution levels
and ecological risks in sediments. The positive matrix factorization (PMF) model and the
absolute principal component score-multiple linear regression (APCS-MLR) model were
used to quantitatively analyze the sources of heavy metals in the evaluated sediments.
The results showed good water quality in the mining area. Cu, Cr, Zn, and As in the
sediments were mainly in the residual form, while Cd and Pb were mainly in the organic
matter combined form. The Igeo and RAC results showed that the Cd pollution degree and
ecological risk were higher in the sediments. The APCS-MLR and PMF models analyzed the
contributions of natural sources (72.5% and 25.1%) and anthropogenic sources, respectively,
while the PMF further distinguished the contributions of coal mining (26.4%), agricultural
(21.44%), and traffic (27.05%) sources.

Keywords: heavy metals; source analysis; PMF model; APCS-MLR model

1. Introduction

Although mineral resources have greatly contributed to economic development world-
wide, they have caused a series of environmental issues [1]. Mining activities are one of
the main sources of heavy metal pollution in the environment [2]. In the process of mining
and smelting of mineral resources, heavy metals can be transported to the surrounding
environment through atmospheric sedimentation, surface water transport (including acid
mine drainage), and groundwater seepage [3]. In fact, heavy metals, with different chemi-
cal states, can migrate, transform, and accumulate in environmental media (water, soils,
and sediments) through coal mining activities, causing environmental contamination or
pollution [4,5]. These impacts cannot only affect ecological environments but also endanger
human health through the food chain and food web [3]. Heavy metals in water bodies
can also gradually migrate and accumulate in sediments through various physicochemical
processes. Most of the heavy metals in water are trapped in sediment by co-precipitation
with oxides, cation exchange, particle surface adsorption, and the assimilation of organic
matter [6,7]. These pollutants are difficult to biodegrade and may cause direct or indirect
harm to organisms [8]. The environmental behaviors and toxicity levels of heavy metals in
sediments are related mainly to their total amounts and chemical forms. In addition, the
transfer, transformation, toxicity, and potential environmental hazards of heavy metals in
sediments depend mainly on their forms. Specifically, changes in sediment-water interfaces
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can consequently release some weakly bound heavy metals from the surfaces of sediments
into water bodies, leading to the occurrence of secondary pollution [9,10].

In recent years, many scholars have focused on heavy metals in mining areas. Chen
et al. [11] highlighted significantly higher heavy metal pollution levels in river sediments
near the Luanchuan mine than those in adjacent water bodies. Zhao et al. [12] showed
serious soil heavy metal pollution in an abandoned coal mine area, with significantly higher
Cd contents than those of other heavy metals. Sun et al. [13] found moderate to severe
total heavy metal amounts in farmland soils near abandoned mining areas in Guangdong
Province, China. In addition, Bradl [14] found that farmland soils in a coal mine area
in Bangladesh were contaminated by heavy metals to varying degrees, showing clear
biological poisoning. However, there is still a lack of unified standards for comprehen-
sively assessing environmental risks associated with heavy metals in water and sediments.
Moreover, the different assessment methods used in previous related studies have resulted
in different evaluation results. Each method has its advantages and limitations, making
the application of a single evaluation method inappropriate for providing comprehensive
assessments of heavy metal pollution. Hence, it is crucial to conduct comprehensive assess-
ment studies by combining multiple appropriate methods. Numerous studies have assessed
heavy metal contamination and pollution levels in China and other regions worldwide
using different parametric methods, such as the geological accumulation index method [15],
comprehensive pollution index method [11], risk assessment coding method [16], and po-
tential ecological risk index method [17]. Other studies have shown that the positive matrix
factorization (PMF) model [18,19], isotopic tracer method [20], and the Unmix model [21,22]
can identify and analyze the sources of heavy metals in environmental media. The Unmix
model supports uncertainty analysis but requires high sample data quantity, and high
dimensional data need to be reduced. Isotope tracing can be conducted directly but is
expensive. Traditional multivariate statistical methods, such as PCA and FA, can only quali-
tatively predict potential sources of pollution. The APCS-MLR and PMF models can realize
the leap from qualitative to quantitative pollution sources. In this study, the APCS-MLR
and PMF models are applied to multi-source mixed pollution areas, and the model error
is reduced by cross-validation. APCS-MLR evolved from PCA, and source contributions
were obtained by performing regression between heavy metal content and the APCS [23].
PMF uses experimental uncertainty in the data matrix and decomposes the data matrix into
factor contributions and factor distributions under non-negative constraints. At present,
many scholars have applied APCS-MLR and PMF to analyze the source distribution of
various pollutants in the atmosphere, soil, and dust [24,25].

The present study aims to assess the concentrations and forms of six heavy metal
elements (Cu, Pb, Zn, Cr, Cd, and As) in water bodies and sediments in the Xutuan mining
area, taking into account the main findings revealed in previous related research [26,27]. In
addition, the ecological risks of the heavy metals in the mining area were further evaluated.
The sources of the heavy metals in the sediments were also analyzed using the PMF model
to provide a scientific basis for the comprehensive prevention and control of heavy metal
pollution in the Xutuan mining area.

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

The Xutuan Mining District is an important coal mining area in eastern China, located
in the northern part of Anhui Province (Figure 1). This region of the study area belongs
to the temperate semi-humid monsoon climate zone, with cold and dry winters and rainy
summers. The Xu Tuan Coal Mine belongs to the Xutuan Mining Group, located in
Mengcheng County, Anhui Province. The construction of this mine was started in October
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1997, and it was officially put into operation on 8 November 2004, with a maximum
production rate of 34,500,000 t/a. The Xutuan Coal Mine is located in the central part of the
Xutuan Plain. The terrain in the area is flat, with comparatively higher slopes in the north
than those in the south. This area is characterized by the dominance of fluvial and sand
ginger black soils, with the presence of brown soils in hilly and low-slope areas.
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Figure 1. Geographic location of the study area.

2.2. Sample Collection and Analysis

A bottle-type deep-water sampler was used to collect water samples from the water
body in the study area. Nitric acid was added to the collected water samples to decrease
the pH values to less than 2. The concentrations of the six heavy metal elements in the
water samples were analyzed by inductively coupled plasma mass spectrometry (ICP-MS,
Agilent Technologies, Santa Clara, CA, USA). On the other hand, sediment samples at the
same location as the water body sampling point were collected with the Petersen grab. The
collected samples were placed in polyethylene bags, air-dried, then ground evenly with
an agate mortar and screened with 100 mesh to remove stones, plants, shells, and other
debris. After screening, the sample was analyzed for the contents of heavy metals using the
improved Tessier five-step extraction method. In total, five chemical forms were extracted
step by step, namely exchangeable (F1), carbonate bound (F2), iron and manganese oxide
bound (F3), organic matter bound (F4), and residual (F5) forms. The extraction solutions
were analyzed by an inductively coupled plasma emission spectrometer (ICP-OES). All
reagents used were of excellent purity. The standard heavy metal reserve solution was
100 pg/mL. All containers were soaked in 5% dilute nitric acid overnight before use,
washed three times with ultra-pure water, and then dried for use. A Perkin Elmer Avio550
ICP-OES (Shanghai, China) was used for the determination of heavy metals in sediments,
and a Perkin Elmer Nexion 300X ICP-MS (PerkinElmer, Inc., Shelton, CT, USA) was used
for the determination of heavy metals in water bodies.
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2.3. Analytical Method

In this study, the Ige, and ecological risk assessment coding methods were used to
assess the heavy metal pollution levels in the collected sediments. The evaluation criteria
considered in these methods are reported in Table 1.

Table 1. Classification of the heavy metal pollution levels.

Igeo [28] RAC[29]
Igeo Pollution level RAC Pollution level

Igeo <0 Pollution-free RAC < 1% Risk-free
0<Igeo<1 No pollution to moderate pollution RAC <10% Low risk
1 <Igeo<2 Moderate pollution 10% < RAC < 30% Moderate risk
2 <Igeo<3 Moderate pollution to strong pollution 30% < RAC < 50% High risk
3 <Igeo<4 Strong pollution RAC > 50% Extremely high risk
4 <Igeo<5 Strong pollution to extremely intense pollution

5 <Igeo Extreme pollution

2.3.1. Geological Accumulation Index Method

The geological accumulation index (Igeo) method has been commonly used to evaluate
heavy metal pollution in sediments, according to the following formula:

C
Igeo = 108, 75 )

where C,, denotes the observed contents of heavy metal # in sediments and B,, denotes the
geochemical background value of heavy metal elements in shale. In this study, the soil
background values of the Xutuan mining area in Anhui Province were considered. Kis a
constant used to take into account changes in the soil background values caused by the
earth’s rock movements.

2.3.2. Ecological Risk Assessment Coding Methods

The RAC index was used to evaluate the ecological risks associated with the six heavy
metals, according to the following formula:

RAC = (F1 + F2)/(F1 + F2 + E3 + F4 + F5) x 100% (2)

where F1, F2, F3, F4, and F5 denote the exchangeable, carbonate bound, iron and manganese
oxide bound, organic matter bound, and residual forms, respectively.

2.3.3. APCS-MLR Model
The APCS-MLR model developed from the traditional PCA has been frequently used

to calculate the contributions (%) of different sources of single HMs. Regression was
performed in SPSS 27.0 software using Formula (3).

Cn=Co+ Yk &k x APCSy (3)

where C;; is the concentration of HM n; ¢ is the constant term (the intercept of the regression
of HM n); ¢ is the regression coefficient; APCSk is the absolute principal component score
of source factor p; ¢y x APCSy is the contribution of source factor p to Cy;; and the mean
value of {; x APCSy is the average contribution of source p to C;.
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2.3.4. PMF Source Analysis Model

In this study, the potential sources of 6 heavy metals in the evaluated sediments
were analyzed using PMF5.0, released by the US Environmental Protection Agency (EPA),
according to the following formula:

X=GF+E (4)

where X denotes the concentration matrix; G denotes the source contribution matrix; F
denotes the source composition matrix; and E denotes the residual matrix.
The basic equation is

2 x MDL c<0
Uy = (5)

\/MDL2+(5><C)2 c>0

where U;; denotes the measurement matrix of the j heavy metal element in i samples; MDL
denotes the method detection limit; ¢ denotes the contents of the heavy metal elements
(mg-kg~!); and J denotes the relative standard deviation.

2.4. Data Processing Methods

SPSS 27.0 was used in this study for performing descriptive statistics and a Pearson
correlation analysis of the heavy metal contents. The potential sources of the heavy metal
elements were identified and analyzed using EPA PMF5.0, while Origin 2024 was used to
generate graphs. The flow chart of this study is shown in Figure 2.

Sampling and preprocessing ———— Water samples Sediment samples

I

Laboratory analysis

Water samples: ICP-MS

Sediment samples: Tessier

five-step extraction method ICP-OES

LT

Geoaccumulation index (Igeo)

Risk assessment

Ecological risk assessment coding (RAC)

Absolute principal component score-multiple
linear regression (APCS-MLR)
(SPSS)

Pollution source analysis ———

Positive matrix factorization (PMF)
(EPA PMF 5.0)

Figure 2. Experimental flow chart.

3. Results and Discussion
3.1. Distributions of the Water and Sediment Heavy Metal Contents

The observed heavy metal concentrations in the water bodies in the coal mining subsi-
dence areas are shown in Table 2. The average Cu, Cr, Cd, Zn, Pb, and As concentrations in
the water body in the study area were 6.28, 37.26, 0.41, 26.15, 2.29, and 32.86 ug-L’l, respec-
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tively. According to China’s surface water environmental quality standard (GB3838-2002),
the average Cu, Pb, Zn, Cd, and As concentrations met the national Class I water quality
standard limits of 10, 10, 50, 1, and 50 ug-L’l, respectively, indicating the lack of associated
pollution. However, Cr exceeded and met the national Class I and Class II water quality
standard limits of 10 and 50 ug-L~!, respectively. Generally, our results revealed a lack of
water heavy metal pollution. The pH range of the water in the mining area is 5.96-8.35.
The average value is 7.19. The water body in the mining area is weakly alkaline. The
results show that the pH value is the main factor affecting the adsorption characteristics
of heavy metals, and the acidic to neutral environment promotes the desorption of heavy
metal ions [30].

Table 2. Descriptive statistics of the heavy metal (ug-L.~!) element contents in the water.

. . . Chinese o
Mean SD CV. Minimum Maximum National Standards * % of SER
Cu 6.28 1.77 0.28 3.26 11.05 1000 0.00
Cr 37.26 8.91 0.24 24.15 65.79 50 10.00
Cd 0.41 0.33 0.81 BDL 1.68 5 0.00
Zn 26.15 15.19 0.58 9.79 89.92 1000 0.00
Pb 2.29 1.03 0.45 0.89 4.96 50 0.00
As 32.86 23.25 0.71 BDL 104.25 50 20.00
pH 7.19 0.73 0.10 5.96 8.35
SD: standard deviation; CV. (%): coefficient of variation; % of SER: % of samples exceeding standard value; BDL:
below detection limit. * The Class III concentration threshold of the Chinese Surface Water Quality Standard
(GB/T 14848-2017, 2017 [31]).
The maximum, minimum, mean, standard deviation, and coefficient of variation val-
ues of the six heavy metal elements in the sediments were determined and then compared
with the soil background values of the Xutuan mining area and the national soil Class II
standards (Table 3).
Table 3. Descriptive statistics of the heavy metal (mg/kg) element contents in the sediments.
Maximum  Minimum Mean SD Ccv Background Values  Level II Standards
Cu 23.12 10.79 16.44 3.02 0.18 22.6 100
Cr 73.56 34.92 51.89 9.94 0.19 60.6 250
Cd 2.80 1.28 1.98 043 0.22 0.1162 0.6
Zn 50.74 28.15 37.29 6.07 0.16 47.3 300
Pb 25.58 10.77 16.42 4.20 0.26 24.6 350
As 46.25 15.89 31.49 8.11 0.26 7.8 25
pH 7.65 6.10 7.09 0.39 0.05
oM 10.05 5.14 7.24 1.32 0.18

OM: organic matter (%).

The obtained results showed lower Cu, Cr, Zn, and Pb contents than the soil back-
ground values in the Xutuan mining area, except for Cd and As. Among them, Cd was
17 and 3.3 times higher than the corresponding background and national soil Class II
standard values, respectively, whereas the As contents were 4 and 1.3 times higher than the
background and national Class II soil standard values, respectively. These findings indicate
the enrichment of Cd and As in the sediments of the study area. The concentration of Cd in
the sediment of the mine was significantly lower than that in the sediment of Aqyazi River
in Iran near the iron ore mine (1.31 mg/kg < Cd < 8.01 mg/kg). However, the concentration
of As was higher than that of the river sediment (1.57 mg/kg < As < 2.57 mg/kg) [32]. The
concentrations of As and Cd were lower than those in Yujiang sediments, a polymetallic
ore concentration area in China [33]. As a dimensionless expression of standard deviation,
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the coefficient of variation is more effective for reflecting the dispersion degrees of heavy
metal contents and can also reflect the influences of human activities to a certain extent [34].
According to the obtained results, the coefficient of variation ranged from 0.18 to 0.26,
showing relatively concentrated spatial distributions of the heavy metal contents in the
study area.

3.2. Morphological Distribution Characteristics of Heavy Metals in Sediments

Heavy metals extracted by acid solutions are easily susceptible to changes in external
environments, resulting in their release from sediments into water bodies, thus affecting
water environments. Therefore, different forms of sediment heavy metals can be used to
assess associated short-term ecological risks. As can be seen from Figure 3, F5 was the most
important form of Cu, accounting for an average proportion of 49.39%, followed by F4
(20.55%), F3 (12.83%), F1 (10.39%), and F2 (6.84%), respectively. Similarly, F5 was the most
dominant Cr form (65.78%), followed by F4 (28.33%) and F3 (4.78%) as well as by F1 and F2,
which accounted for 1.11%. The main form of Zn was F5 (52.56%), followed, by F4 (30.5%),
F2 (7.94%), F3 (6.61%), and F1 (2.39%), respectively. As was also dominated by the F5 form,
with a relative proportion of 50.94%, followed by F4 (30.67%), E3 (11.06%), F2 (6.72%), and
F1 (0.61%), respectively. In contrast, F4 was the most dominant form of Cd, accounting for
27.89%, followed by F5 (24.89%), F3 (18.5%), F2 (16.06%), and F1 (12.66%), respectively. A
similar finding was observed for Pb, showing a comparatively higher proportion of the F4
form (53.39%), followed by F5 (20.94%), F1 (10.61%), F3 (9.89%), and F2 (5.17%), respectively.
The F5 form of Cu, Cr, and Zn has a weak release capacity, derived mainly from natural
sources due to the lower contents of these heavy metal elements than the corresponding
background values of Xutuan City. The higher F4 proportion of Pb might be due to the
strong adsorption ability of sediment organic matter to Pb. The content of organic matter
in the bottom mud of the mining area is relatively rich (5.14-10.05%), and heavy metal
elements easily combine with organic functional groups, humic acids, and small molecular
compounds generated by the decomposition of organic matter to form relatively stable
compounds. The adsorption capacity of these compounds are much higher than that of
other colloids in the sediment. The non-F>5 proportions of Cd and Pb were 75.11 and 79.06%,
respectively. Studies have shown that there is a strong relationship between the content
of heavy metals in sediments and pH value. When the sediment is acidic, the content of
heavy metals in the sediment is reduced due to desorption, but when the pH value is 7, the
desorption of heavy metals is effectively inhibited. However, when the pH value is >8, the
heavy metal content reaches the maximum adsorption capacity and no longer increases
with the increase in pH value [35]. The average pH of the sediment in the mining area is
7.09, which can effectively inhibit the desorption of heavy metals. Nevertheless, Cd-related
environmental issues cannot be ignored due to the high content and strong toxicity of this
heavy metal element. On the other hand, the non-F5 contents of Pb were lower than the
corresponding background value of Xutuan soil. The release of the different heavy metal
forms into the environment can be enhanced by increasing their proportions and contents
of heavy metals, causing sediment and water pollution and consequently increasing their
biological availability. The F5 form, on the other hand, can be released mainly through
weathering processes, as it is often attached to mineral materials, reducing the likelihood
of secondary environmental pollution [36]. Although As exhibited higher contents in the
sediments than the national soil level II standard, its F5 form accounted for a relatively
high proportion, indicating a low likelihood of associated environmental pollution in the
study area.
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Figure 3. Proportions of the heavy metal forms in the sediments of the study area.

3.3. Heavy Metal Risk Assessment

Changes in external environments can lead to the re-release of heavy metals from

sediments into water bodies, causing secondary pollution. Therefore, it is essential to assess

the risks associated with heavy metals using appropriate evaluation methods to accurately

reflect their pollution level in the environment. In this study, the Igeo and risk assessment

coding methods were used to assess the risks associated with the sediment heavy metal

elements. The evaluation results are shown in Figure 4.
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Figure 4. Geological accumulation index and ecological risk assessment index.

The Igeo- and RAC-based heavy metal risk assessment results are shown in Figure 3.

The obtained results showed comparatively higher Ige, values of Cd, reaching 3.48 and thus

belonging to the strong pollution level, whereas the Ige, values of As reached 1.38, belonging

to the moderate pollution level. In contrast, the Cu, Cr, Zn, and Pb Ige, values were lower
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than 0, indicating the lack of associated accumulation. The RAC values of the six heavy
metal elements in the sediments of the subsidence areas followed the decreasing order of
Cd (29%) > Cu (19%) > Pb (16%) > Zn (10%) > As (8%) > Cr (1%). Hence, it can be concluded
that Cu, Cd, Pb, and Zn were associated with moderate risks (10% < RAC < 30%), while
As and Cr were related to low (RAC < 10%) and zero (RAC < 1%) risks, respectively. This
is consistent with the results of Yu et al. [37]. Previous studies have shown that Cd has a
high degree of pollution and ecological risk in China and globally [38,39]. The contents
of active states of Cd, Cu, Pb, and Zn in the sediments were relatively high, which is
conducive to their release into the water and causes environmental pollution. Cr and As
were mainly in the stable residual form. The high proportion of non-residual Cd (75.11%)
in sediments, combined with its Ige, values (3.48) and RAC risk level (29%), suggests
significant bioavailability. The high toxicity of heavy metals in high concentrations to
aquatic organisms leads to reduced growth, mortality, and reduced species diversity, with
potential impacts on ecosystems and human health [40]. Our observed mean Cd content
(1.98 mg/kg) exceeds both China’s soil Class II standard (0.6 mg/kg) and National Oceanic
and Atmospheric Administration (NOAA) guidelines (1.2 mg/kg) [41], posing acute risks
to aquatic food webs. Conversely, As poses lower immediate risks due to its residual
dominance (50.94%), but As is a global public health threat and a serious contaminant of
drinking water with long-term carcinogenic potential [42]. The two evaluation methods
used in this study showed the high Cd-associated risk in the study area, making it urgent
to implement effective risk reduction and protection measures.

3.4. Analysis of the Potential Sources of the Sediment Heavy Metal Elements

In order to improve the accuracy of the heavy metal source analysis, we used a
correlation analysis, APCS-MLR, and the PMF model to analyze the source of six heavy
metals in the study area.

3.4.1. Correlation Analysis

Correlation analysis can be used to assess the relationships between the contents
of heavy metals and deduce their transformation and migration pathways [43,44]. The
obtained results showed very significant positive correlations between Cu and Cr (r = 0.761),
Cu and As (r = 0.646), and Cr and As (0.610), as well as significant positive correlations
between Cu and Zn (r = 0.540) and Zn and Cr (r = 0.484) (Table 4). These findings suggest
that Cu, Cr, Zn, and As might be derived from the same pollution source and were further
precipitated in the sediments through co-precipitation or co-adsorption. Previous studies
have shown a strong positive correlation (r = 0.85) between Cu and Zn in sediments,
indicating that the sources of these elements are similar, and Cd and As are moderately
correlated with other metals [45]. On the other hand, Pb in the sediments might be derived
from atmospheric deposition and terrigenous inputs. Previous studies showed that the
correlation between Pb and heavy metals such as Mn, Cr, and Ni was not statistically
significant (p > 0.05) [46]. Hence, the heavy metal elements had different potential sources.

Table 4. Pearson correlations between the heavy metal contents.

Sediment Cu Cr Cd Zn Pb As
Cu 1
Cr 0.761 ** 1
Cd —0.430 —0.179 1
Zn 0.540 * 0.484 * —0.327 1
Pb 0.247 0.017 —0.014 0.181 1
As 0.646 ** 0.610 ** —0.170 0.413 —0.073 1

Note: * and ** indicate significant correlations at the p < 0.05 and p < 0.01 levels, respectively.
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3.4.2. APCS-MLR-Based Source Analysis

SPSS was used to conduct a principal component analysis of the standardized sediment
heavy metal data. KMO and Bartlett tests show that the KMO value is 0.791, and the
significance level of the Bartlett test is 0.01. Based on the principle that the eigenvalue
is greater than 1, two principal components were extracted by the principal component
analysis, and the cumulative variance contribution rate was 83.376%.

As can be seen from Table 5, PC1 explains the variance of 70.247%, in which Cu(0.942),
Cr(0.926), Zn(0.909), and As(0.855) have higher positive loads. The results of the correlation
analysis showed that Cu, Cr, Zn, and As may come from the same source, which is
consistent with the results of the principal component analysis. According to the Igeo
results, the Igeo values of Cu, Cr, and Zn elements are less than 0, which is at the clean
level, which indicates that they are not significantly polluted. In summary, we believe
that Cu, Cr, As, and Zn are less affected by human activities, so Factor 1 is judged to be a
natural source. PC2 explains 13.129% of the variance, and Pb(0.405) and Cd(0.663) have
higher loads. Cu, Cr, Zn, and As elements have lower loads. The PCA analysis results
are basically consistent with those of Feng et al. [47]. Cd in the study area has strong
variability and a significant difference in spatial distribution, indicating that it is seriously
disturbed by human activities. Studies have shown [48] that the external sources of Cd
are mainly industrial sources and fossil fuel combustion, automobile exhaust and traffic
dust, and pesticides and fertilizers. The main sources of Pb are gas oil burning, engines,
and tire friction. So, Factor 2 is judged to be an industrial source. Based on the APCS-MLR
model, the two principal component factor scores of the principal component analysis were
converted into absolute principal component factor scores, and multiple linear regression
was performed with the contents of six the heavy metals. The correlation coefficient (R?)
is used to measure the correlation between the model and the actual observed value. The
closer the value is to 1, the higher the linear fit and the better the simulation result. The
correlation coefficients (R?) of Cu, Cr, Cd, Zn, As, and Pb were 0.825, 0.729, 0.627, 0.496,
0.689, and 0.476, respectively. Except for Zn and Pb, the elements fit well. According
to the common formula in the APCS-MLR model, the tribute rates of the two pollution
sources were calculated, and the results are shown in Figure 5. Natural sources have a
large contribution rate to Cu, Cr, Zn, Pb, and As, which are 80%, 84%, 87%, 68%, and
75%, respectively. The contribution rate of industrial sources to Cd is 59%. APCS-MLR
simplified the complexities of the six heavy metals into two dominant sources, efficiently
underscoring natural inputs (72.5%). Compared with Feng et al.’s analysis of heavy metal
pollution sources based on the traditional PCA method, the APCS-MLR model quantified
the contribution rate of pollution sources [47].
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Figure 5. Contribution rate of heavy metal pollution sources.
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Table 5. Rotational load of main constituent.
Components Cu Cr Zn As Pb Cd Contributing Percentage %
1 0.942 0.926 0.909 0.855 0.728 0.617 70.247%
2 —0.217 —0.184 —0.066 —0.315 0.405 0.663 83.376%

3.4.3. PMF-Based Source Analysis

In this study, a PMF quantitative source analysis was further performed to under-
stand the sources of the heavy metals in the mining areas using EPA PMF5.0 software.
The numbers of operations and source factors were set to 20 and within the 3-5 range,
respectively. The four-factor solution was determined from the minimum stable Q value,
with most residuals between —3 and 3. The signal-to-noise ratio (S/N) > 8 was considered
strong, indicating the rationality of the model [49]. The coefficient of determination (R?)
values of all the heavy metal elements were greater than 0.9, except for Zn (R? = 0.4). The
contribution rates of Factor 1 to Cr, Zn, Pb, and Cu were relatively high, reaching 31.75,
28.88, 28.57, and 28.27%, respectively (Figure 6). The average sediment values in the Cr, Zn,
Pb, and Cu contents were 51.89, 37.29, 16.42, and 16.44 mg/kg, which are lower than the
corresponding local background values of 60.6, 47.3, 24.6, and 22.6 mg/kg, respectively.
The Pearson correlation analysis results indicated that Cu, Zn, and Cr might come from the
same pollution source. In addition, the correlations between the heavy metal elements also
suggested the impacts of soil parent materials [50]. Therefore, Factor 1 was related mainly to
the natural sources of the heavy metal elements. The contribution rate of Factor 2 to Cd was
57.92%. The results indicated higher Cd contents than the corresponding local background
value (Table 2). Moreover, the Igeo and RAC results suggested a strong pollution level and
a moderate risk associated with this heavy metal, respectively (Figure 4). The study area
was located in coal mining subsidence zones. During the mining process, a large amount of
Cd-containing wastewater can flow into water bodies and accumulate in sediments [51,52].
Therefore, it can be concluded that Factor 2 was related to the anthropogenic sources in
the study area, particularly coal mining activities. The contribution rate of Factor 3 to As
was 36.13%, which is in line with the relatively high sediment contents of this heavy metal
element. The Ige, and RAC results indicated a moderate pollution level and a low risk asso-
ciated with As in the study area. Numerous studies have highlighted the abundance of As
in pesticide and fertilizer products, with volatilization and migration characteristics [53,54].
Indeed, the long-term applications of As-containing nitrogen (N) fertilizers, phosphate
fertilizers, insecticides, herbicides, and other pesticide products may result in the gradual
accumulation of As in soils. The study area is, in fact, surrounded by multiple agricultural
fields. The accumulated As in agricultural soils can subsequently migrate into water bodies
and sediments through surface runoff. Therefore, Factor 3 can be related to agricultural
pollution sources. The contribution rate of Factor 4 to Pb was 36.83%. The main sources
of Pb pollution in the study area are oil leakage from machinery and equipment through
coal mining activities, as well as automobile exhaust emissions and tire wear [55-57]. The
study area is characterized by the presence of a surrounding coal mine haulage road, with
heavy and frequent traffic flows, promoting the accumulation of Pb in the research area.
Therefore, it can be concluded that Factor 4 is related to heavy metal pollution caused
by traffic. According to the PMF modeling results, the contribution rates of the natural
sources, coal mining activities, agricultural activities, and traffic sources to the sediment
heavy metal contents in the study area were 25.1, 26.4, 21.44, and 27.05%, respectively.
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Figure 6. Sources of the heavy metal elements and their PMF-based factor contribution rates.

3.4.4. Comparison of APCS-MLR and PMF Results

In our study, APCS-MLR simplified the complexities of six heavy metals into two
dominant sources, efficiently underscoring natural inputs (72.5%). The results of the
APCS-MLR analysis are similar to those of Wang et al. [58]. APCS-MLR is used for rapid
primary source screening, and PMF is used for fine analysis. PMF further decomposed
the industrial contributions into specific human activities (mining: 26.4%, traffic: 27.05%).
For Cd, APCS-MLR attributed 59% to industrial sources, while PMF traced its origin to
coal mining (57.92%). This conclusion is roughly the same as the analysis results of heavy
metal sources in sediments of the Tuohe subsidence section in the Huaibei mining area [47].
Slightly different is that this paper also analyzes the contribution of traffic pollution to
heavy metals. Such synergistic analysis mitigates the risk of misinterpretation inherent in
single-model approaches and aligns with the recommendations of Lv.et al. [59]. APCS-MLR
is particularly suited for datasets with strong collinearity among variables and provides
intuitive source contribution ratios. However, its limitation lies in assuming linearity
between factors and pollutants, which may oversimplify complex interactions. So, it only
identified two sources of pollution. The reason for the difference in contribution rates
between the APCS-MLR and PMF models is that the absolute principal component does
not consider the uncertainty of the data in the calculation process, and there is a small
amount of information loss. However, the uncertain data of the heavy metal content in
the sediment of the PMF model are added in the calculation process and non-negative
constraints are applied, which makes the final result more reasonable.

4. Conclusions

In this study, the total amount of six heavy metals in water and the occurrence forms
and ecological risks of six heavy metals in sediments in the Xutuan mining area were
determined. A correlation analysis, APCS-MLR, and PMF models were used to quantify
the heavy metal pollution sources in the sediment. The main conclusions of this study are
as follows: 1. The average Cu, Pb, Zn, Cd, As, and Cr concentrations in the collapsed water
bodies of the mining area were 6.28, 2.29, 26.15, 0.41, 32.86, and 37.26 ug-L’l, respectively.
Cr and the remaining heavy metal elements were in line with the national Class I and Class
II water quality standards, respectively. The average pH value of the mining water was
7.19, and the whole water was weakly alkaline. 2. The average Cu, Cr, Cd, Zn, Pb, and
As contents in the collapsed sediments of the mining area were 16.44, 51.89, 1.98, 37.29,
16.42, and 31.49 mg/kg, respectively. In fact, Cd and As exhibited higher contents than the
corresponding background values of the Xutuan mining area, showing certain enrichment
degrees. F5 was the most dominant form of Cu, Cr, Zn, and As, accounting for 49.39, 65.78,
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52.56, and 50.94%, respectively. On the other hand, the non-residual forms of Cd and Pb
accounted for 75.11 and 79.06%, respectively, of which the F4 form was the most dominant.
3. Igeo indicated that Cd and As were in the polluted forms, while the remaining heavy
metal elements were in the unpolluted forms. On the other hand, the RAC evaluation
results indicated moderate ecological risks associated with Cu, Zn, Cd, and Pb. These
elements can be easily released from sediments into the water bodies, causing secondary
pollution. 4. APCS-MLR identified two types of pollution sources, natural and industrial,
with contribution rates of 72.5% and 27.5%, respectively. The PMF model results revealed
four heavy metal pollution sources, namely natural, coal mining, agricultural, and traffic
sources, with relative contribution values of 25.1%, 26.4%, 21.44%, and 27.05%, respectively.

This study quantifies the pollution sources of heavy metals in mine sediment, deter-
mines the pollution sources that should be controlled first, and provides a future direction
for the prevention and control of sediment pollution. However, the prevention and control
of heavy metal pollution sources in mining environments should be combined with the
overall research of mining soil. In addition, GIS statistical analysis should be combined
with the approaches presented in this study to prove the accuracy of the models’ analysis
of heavy metal pollution sources.
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