International Journal of
Environmental Research

and Public Health

Article

Pollution Characteristics and Spatial Distribution of Heavy
Metals in Coal-Bearing Sandstone Soil: A Case Study of Coal
Mine Area in Southwest China

Dongping Deng 2, Yong Wu >*, Yi Sun 3, Bangzheng Ren "2 and Lei Song 12

check for
updates

Citation: Deng, D.; Wu, Y.; Sun, Y.;
Ren, B.; Song, L. Pollution
Characteristics and Spatial
Distribution of Heavy Metals in
Coal-Bearing Sandstone Soil: A Case
Study of Coal Mine Area in
Southwest China. Int. ]. Environ. Res.
Public Health 2022, 19, 6493. https://
doi.org/10.3390/ijerph19116493

Academic Editor: José Angel

Ferndndez

Received: 27 April 2022
Accepted: 23 May 2022
Published: 26 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Environment and Civil Engineering, Chengdu University of Technology, Chengdu 610059, China;
ddp900304@163.com (D.D.); rbz3796@163.com (B.R.); songlei21@mails.ucas.ac.cn (L.S.)

State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu 610059, China
School of Civil Engineering, Southwest Jiaotong University, Chengdu 610031, China; sunnys90@163.com

*  Correspondence: ywu@cdut.edu.cn

Abstract: Soil pollution in coal mining areas is a serious environmental problem in China and
elsewhere. In this study, surface and vertical profile soil samples were collected from a coal mine
area in Dazhu, Southwestern China. Microscopic observation, concentrations, chemical speciation,
statistical analysis, spatial distribution, and risk assessment were used to assess heavy metal pollution.
The results show that the weathering of coal-bearing sandstone and mining activities substantially
contributed to soil pollution. The concentrations of Fe, Ni, Cu, Zn, Mn, Cd, Hg, and Pb exceeded
their background values. Cd caused the most intense pollution and was associated with heavily—-
extremely contaminated soils. The residual fraction was dominant for most metals, except Cd
and Mn, for which the reducible fraction was dominant (Cd: 55.17%; Mn: 81.16%). Zn, Ni, Cd,
and Cu presented similar distribution patterns, and Hg and As also shared similar distribution
characteristics. Factor 1 represented anthropogenic and lithologic sources, which were affected by
mining activities; Factor 2 represented anthropogenic sources, e.g., fertilizers and traffic pollution;
and Factor 3 represented the contribution of metals from soil-forming parent material. More than
half of the study area had high pollution risk and was not suitable for vegetable cultivation.

Keywords: coal-bearing sandstone; heavy metal pollution; soil; multivariate statistics; spatial distribution

1. Introduction

Coal accounts for approximately 76% of China’s primary energy consumption, and
is predicted to remain the country’s primary energy source for several years [1]. The
coal mining industry is an important source of heavy metals in the environment, and is a
major contributor to soil pollution [2,3]. The accumulation of tailings and transportation
of coal, including the establishment of a large number of chemical plants, can lead to
heavy metal enrichment in the soil and affect the local ecological environment [4,5]. This
threatens the land productivity, ecological integrity, and ecological security of nearby
areas [6,7]. Through erosion, weathering, and leaching of tailings, the metals present
in the tailings can enter the surrounding groundwater, streams, sediments, and soil [8].
Moreover, in addition to causing environmental degradation, heavy metal pollution also
threatens soil ecosystems and human health through food chain contamination [9,10].
High concentrations of heavy metals reduce the diversity of soil bio-communities, lead
to plant toxicity, and affect agricultural productivity [11,12]. Heavy metals exist in the
soil in different fractions (exchangeable, reducible, oxidizable, and residual fractions).
The exchange fraction in heavy metals is easier for the plants to absorb, making it more
toxic [13]). Therefore, heavy metals can threaten food security and human health through
the water supply and food web [14,15].

In Southwest China, especially in the Sichuan Basin, most coal is mined in Triassic
sandstone strata. The stratum is generally exposed on the surface or buried at a shallow
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depth and forms the unique Quaternary eluvium soil in the mining area after weathering.
Weathering of parent rocks produces the soil primary and secondary minerals, such as
quartz, calcite, and montmorillonite. The minerals are different in particle size, cation
exchange capacity, metal species, etc., which endows soils with corresponding proper-
ties [16]. Under the influence of coal accumulation, coal and its strata in the sedimentary
environment are enriched in heavy metals. With the weathering of coal-bearing sandstone,
heavy metals migrate into the soil and enrich it during soil formation [17]. This soil formed
by weathering of coal-bearing sandstone is widely distributed, which makes the analysis of
this soil more representative. Moreover, coal mining drives the development of the local
industry and agriculture, which also leads to the enrichment of heavy metals in the soil [18].
Therefore, the accumulation of heavy metals in the soil, especially in the weathered area of
coal-bearing sandstone, should be investigated.

Researchers have adopted various factors and methods, including geoaccumulation
index, pollution factor, and enrichment factor, to determine the degree of soil pollution [19].
The qualitative and quantitative chemical speciation of heavy metals in the soil is an
important basis to clarify its migration and transformation and evaluate its potential
environmental impacts [20]. Geographic information system (GIS) technology is widely
used to quantify the spatial distribution of metals and identify pollution sources with low
costs [21]. The availability and risks associated with soil pollution by heavy metals should
be investigated for the development of reliable pollution management strategies.

To the best of our knowledge, this is the first study to investigate the characteristics
of this typical soil through geological, environmental, and statistical analyses. Therefore,
based on the heavy metal contents in the surface and vertical profiles of soil samples from a
coal mine area in Dazhu, the objectives of this study were (1) to investigate the influence of
weathering of coal-bearing sandstone on heavy metals in the soil; (2) characterize the pollu-
tion of heavy metals in the soil; and (3) analyze the correlation and spatial distribution of
heavy metals in the soils of the study area. The findings can help clarify the environmental
impacts of coal mining and closed mines as a basis for the development of mitigation and
prevention measures by local stakeholders and authorities.

2. Materials and Methods
2.1. Site Description

The study area is located approximately 15 km northeast of Dazhu County, Dazhou
City, Southwest Sichuan Province, China. It has an area of approximately 31.73 km?
(107°20'30""-107°23'8" E, 30°42'22"'-30°45'15"" N) and is under the administration of the
Xinsheng township of Dazhu County (Figure 1). The surface soil layer is covered with
eluvium soil of Quaternary, with a thickness of 0-8 m. The main mineral is quartz, ac-
companied by typical minerals such as muscovite and calcite. The lithology includes
block, gravel silt, and silty clay, which mainly derive from the weathering of coal-bearing
sandstone exposed on the surface. The land-use type is farmland, and the farming method
is water drought rotation. Sweet potato and rice are planted in the dry and rainy seasons,
respectively. The weathered rock in the study area is upper Triassic formation, which is the
coal-bearing strata of the area, with a continental sedimentary environment composed of
dark gray mudstone, shale, fine sandstone, siltstone, and coal seam. Since the 1960s, more
than 10 coal mines have operated in the study area. Except for Kongjiagou coal mine, which
is still active, all coal mines were closed between 1990 and 2010 because of the associated
pollution and economic changes. The outputs of these coal mines included mainly bright
coal, followed by dark coal. Bright coal has a strong shine and a layered structure with thin
charcoal. Dark coal has a milder shine, with the formation of lens-shaped specular coal and
silk charcoal. The average moisture content in the raw coal is less than 0.9%, the average
yield of volatile matter (V4,¢) is 29.04-33.36%, and the CO, content is less than 2% [2].
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Figure 1. (a) The Sichuan Province in China; (b) location of study area in Sichuan Province; (c) location
of soil samples in study area.

2.2. Soil Sampling and Analysis

On October 2020, 44 surface soil samples and 10 vertical profile soil samples were
collected around the coal mine area in Dazhu (Figure 1). The surface soil samples were
collected randomly from farmlands on both sides of the road and near the pithead of
abandoned coal mines. Three soil cores collected from the top 0-15 cm were combined
to produce one composite surface soil sample in the plough layer. A 1 m-deep pit was
excavated at the foot of the slope of the tailings, and a vertical profile soil sample was ex-
tracted every 10 cm from top to bottom (TY40-TY49). Each sample weighed approximately
1.5-2.0 kg, and the sampling locations were recorded using GPS (Omap). All samples were
stored in black polyethylene bags and immediately transported to the laboratory. After
being air-dried at room temperature (15 °C) [22]), the samples were homogenized and
sieved (<74 pm) for chemical analysis.

X-ray diffraction (XRD) was used for the mineralogical characterization of samples
(TY02, TY40, and TY50) in a Rigaku diffractometer (Ultima IV, Akishima-shi, Tokyo, Japan).
The conditions were slit fixed at 10 mm, 0.5 mm Pb monochromatic radiation, 40 mA, and
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40 kV. The samples were run at a speed of 30° /min (5-80°). A microscope and scanning
electron microscope (SEM, Prisma E, Thermo Scientific, Waltham, MA, USA) were used to
observe the surface morphology of the soil (TY40) and tailings. The samples were gold-
plated in a vacuum environment for elemental analysis by SEM using energy-dispersive
X-ray (EDS) detectors.

Soil pH values were measured at a soil: water ratio of 1:2.5 (w:v) using potentiome-
try (H]J962-2018) with a pH meter (FE28-Standard, Mettler Toledo, Zurich, Switzerland).
Each soil sample was divided into three parts. The first was digested using the method
described in (DZ/T 0279-2016) [23]. Approximately 0.1 g of sample was digested in
a Teflon crucible using a HCl: HNOj3: HF: HCIO; (2 mL:2 mL:1 mL:1 mL) solution
on a hot plate. Subsequently, Fe and Mn were determined using inductively coupled
plasma atomic emission spectrometry (ICP-AES) (iCAP 7400, Thermo Fisher Scientific,
Waltham, MA, USA), and the concentrations of Ni, Cu, Cd, and Pb were analyzed using
inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700, Agilent Scientific
Instruments, Palo Alto, CA, USA). The second part was digested using the method by
(HJ491-2019 [24]). Approximately 0.2 g of sample was digested in a digestion tank using
a HCl: HNOj3: HF (3 mL:6 mL:2 mL) solution in a microwave digestion furnace. This
method was tested for Cr and Zn using a flame atomic absorption spectrophotometer
(GGX-9, Beijing Haiguang Instrument Co., Beijing, China). The third part was digested
using the method described in (GB/T 22105-2008) [25]. Approximately 0.2 g of sample was
digested in colorimetric tubes using 10 mL aqua regia solution in a boiling water bath for
2 h. Then, 10 mL of preservation solution were added, and As and Hg were tested using an
atomic fluorescence photometer (BAF-2000, Beijing Baode Instrument Co., Beijing, China).
Two blank samples (one procedure blank and one reagent blank) and two standard samples
(GBW07385: G55-29) were analyzed as duplicates to ensure data reliability. The standard
sample was the flood plain sediment of the main river system in China, and it was the
standard substance for composition analysis, which was mainly used as the quantity value
and quality control standard for sample testing of geological and geochemical investigation
and mineral survey. All standard samples were free of pollution and the accuracy of the
repeated analysis was less than 5% RSD. The certified and test values of standard samples
and the detection limits of each element are presented in Table S1. Metal speciation was ex-
tracted sequentially using the BCR sequential extraction procedure [26,27], which includes
three sequential extractions and a digestion. The obtained fractions, respectively, included:
exchangeable fraction (F1, exchangeable and carbonate-associated fractions), reducible
fraction (F2, fraction associated with Fe and Mn oxides), oxidizable fraction (F3, fraction
bound to organic matter), and residual fraction (F4).

2.3. Evaluation of Soil Contamination

The contamination level of 44 surface soil samples could be analyzed by enrichment
factor (EF) and geoaccumulation index (Igeo)-

Enrichment factor (EF) was used to express the enrichment degree of elements in soil,
and to judge and evaluate the source of elements in particulate matter [28]. EF can be
calculated by [29]:

EF = (Cq /Fe)sample/(Cn/Fe)background/ @

In this study, where (Cn/Fe)sample is the ratio of the heavy metals value to the
iron concentration in the sample, while (Cn/Fé)packground is the background ratio of the
heavy metals value to the iron concentration. EF numerical value can be divided into
5 grades [30]: <2 = minimal pollution; 2-5 = moderate enrichment; 5-20 = significant
enrichment; 2040 = very highly enriched; >40 = extremely enriched.

The metal contamination degree of the soil samples was obtained based on the geoac-
cumulation index (Igeo) [31], which was defined by Miiller and can be calculated by [32]:

Igeo =log[Cn/1.5By], (2)
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where C,, is the concentration of metal n in the soil, By, is the background value of metal n,
and the factor 1.5 is used to account for possible variations in background data owing to
lithological variations. The background values of metals were used as references [33]. The
geoaccumulation index can be divided into seven grades [34] and is shown in Table S2.

2.4. Statistical Analysis

In the field of environmental science, multivariate analysis has become a more power-
ful tool than the classical single variable method because it provides an easier means of
data analysis [35]. Multivariate analysis methods, such as principal component analysis
(PCA) and factor analysis (FA), have been successfully applied to assess soil quality and
identify the chemical processes therein [19,36-39].

To characterize and compare these parameters, the soil properties were analyzed using
the SPSS Statistics v22 software (International Business Machines Corporation, Armonk,
NY, USA). PCA was applied to the metal variable analysis [40]. Eigenvalues were used to
evaluate the number of principal components (PC), known as linear combinations of the
old used factors. Factor analysis (FA) was used to determine the common latent structure
among variables and reduce PC contribution through further simplification by rotating
PCA-defined axes [41]. The Kaiser-Meyer-Olkin (KMO) and Bartlett’s tests of sphericity
have been frequently used to test the appropriateness of FA with a correlation coefficient
matrix. In total, 9 soil parameters were measured, including Cr, Ni, Cu, Zn, As, Cd, Hg, Pb,
and Fe, and these parameters were used in the statistical analysis.

2.5. Risk Evaluation

The pollution risk can be quantified and evaluated by the synthesis index [42]. It
varies with the obtained metal concentration and the given evaluation criterion for each
soil sample [43]. The synthesis index [44] can be calculated as follows:

(Ci/8i) 2o + (1/0 X2 Ci/S)
i=1

P =
2

®)

where P is the synthesis index, C; is the examined metal concentration for sample i, and S;
is the evaluation criterion of the i-th kind of metal.

The Soil Environment Quality Risk Control Standard for Soil Contamination of Agricul-
tural Land [45] was adopted as the evaluation criterion. The risk evaluation was performed
according to the method mentioned by [46]. First, the synthesis index was calculated for
each soil sample based on Equation (3). Second, kriging was evaluated for all soil samples
to obtain the total contamination distribution. Finally, the contamination distribution was
divided into five grades based on [43,45]. All maps were created using ArcGIS version 10.2
(ESRI, Redlands, CA, USA).

3. Results and Discussion
3.1. Physical and Chemical Characterization

The samples collected in this study were mainly composed of eluvial silty clay of
Quaternary. Minerals such as quartz, muscovite, albite, and kaolinite were observed in
the soil samples (Figure 2). Hematite was observed in all three samples (TY02, TY40, and
TY50) as secondary minerals from oxidation. This may be the reason that hematite occurs
in coal and enters the soil during coal mining and transportation. As TY(02 and TY40
soil samples were collected near the waste accumulation area, they contained chalcocite
and cuprite. Calcite was observed in TY40 and was attributed to the leaching effect of
precipitation on tailings, since calcite is found in both tailings and sandstone layers [47].
Both muscovite and quartz were found in TY40 and tailing under the microscope (Figure 3).
We observed several of soil samples (TY29, TY34, and TY40) and found that they presented
high similarity in the physical phase with the tailing containing coal seam [2]. This indicates
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that the main components of farmland soil originate from the minerals derived from
sandstone weathering. In addition, carbonate minerals and siliceous rocks were observed
in quartz fractures as interstitial materials (Figure 3). The SEM images show that the
surfaces of soil and tailing samples were irregular (Figure 4a,c). From the figure, quartz
could be observed, and pores were filled with weathered fragmental material. Figure 4b
shows the EDS analysis results. The main elements in the soil were C, N, O, Si, and Ca,
followed by metal elements such as Fe, Mn, Al, and Mg. This indicates that the surfaces of
quartz and carbonate minerals were covered by Fe-Mn oxide. (Figure 4d) shows the EDS
analysis result of tailing. The main elements were O, Si, Al, and Fe, which indicates that the
sandstone layer contained metal elements such as Fe, which remain in the soil in the form
of oxides after weathering. These results illustrate the environmental impact of intense
mining activities on soil quality.

Q
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Figure 2. The X-ray diffraction patterns of soils. A—albite; C—calcite; Ch—chalcocite; Cu—cuprite;
H—hematite; K—kaolinite; M—muscovite; Q—quartz.

Figure 3. Surface morphology of the soil (TY40) and tailing under microscope. M—muscovite;
Q—quartz.
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Figure 4. SEM images of the soil (a) and tailing (c), corresponding EDS spectrum (b,d). The red box
indicates the scope of EDS analysis. Q—quartz; C—clay.

3.2. Concentration and Speciation of Heavy Metals

The descriptive statistical results of pH and metal concentration of soil samples are
shown in Table 1 and the concentrations of these elements are listed in Table S3. The
concentrations of the 10 investigated metals varied widely. Most soil samples were weakly
alkaline, and their average pH was 7.22. Fe was the most abundant metal, with a mean
concentration of 3.55 wt%. The mean value of Mn was 956.27 mg/kg, and that of Zn was
89.07 mg/kg. The average concentrations of Ni, Cu, and Pb were relatively similar, at
34.85, 26.38, and 28.47 mg/kg, respectively. The mean Cr and As concentrations were
58.19 and 8.51 mg/kg, respectively. The concentrations of Cd and Hg were significantly
lower than those of other metals, at 0.41 and 0.14 mg/kg, respectively. Except for As and
Cr, the concentrations of most metals exceeded their respective background values [33],
especially those of Cd and Hg, the average concentrations of which were four and two
times the background values, respectively. In the surface soil, increased concentrations
of heavy metals were attributed to the dual function of secondary enrichment and parent
rock inheritance. Ni and Mn presented high coefficients of variation (CV), at 194% and
218%, respectively, which exceeded 100%. Therefore, they presented a greater variation
than other metals, and their high contents were strongly associated with a wide range of
human activities. The CV values of Zn, As, and Cd were 52%, 54%, and 85%, respectively,
which indicate a high level of spatial variation (CV > 50%) [48]. Similar to the results
of most researchers [49,50], the spatial variation of coal mine pits resulted in metal data
heterogeneity. The kurtosis values of Ni, Zn, Cd, Pb, and Mn were higher than 10, which
indicated that there was great heterogeneity in the distribution of these elements in the
soil [51]. In addition, the skewness values of all elements were greater than 0, which
indicated that most metal concentrations were at relatively low values.
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Table 1. pH and concentration of metals in soil samples of coal mine area.

It pH Cr Ni Cu Zn As Cd Hg Pb Mn Fe
m
¢ mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg wt%
N? 44 44 44 44 44 44 44 44 44 44 44
Minimum ? 4.88 34.52 15.36 7.66 39.04 5.03 0.21 0.06 16.80 258.39 2.19
Maximum ? 9.01 85.37 471.61 59.11 346.68 29.27 2.51 0.31 91.01 14314.45 6.18
Mean ? 7.22 58.19 34.85 26.38 89.07 8.51 0.41 0.14 28.47 956.27 3.55
Median ? 7.28 56.20 23.39 24.26 78.77 6.96 0.33 0.13 25.15 622.01 3.49
25th 2 6.07 47.45 20.43 20.52 72.10 6.20 0.28 0.1 22.16 460.06 3
75th @ 8.4 64.81 28.72 32.05 94.81 8.51 041 0.15 28.51 780.32 3.99
Skewness ? —0.14 0.45 6.53 0.87 4.27 2.94 5.21 1.74 3.14 6.44 0.84
Kurtosis ? -1.32 043 43.10 1.66 22.64 9.89 30.43 4.84 10.75 422 1.55
SDh? 1.27 12.51 67.70 9.72 46.44 4.60 0.35 0.04 13.99 2080.77 0.8
cva 0.18 0.22 1.94 0.37 0.52 0.54 0.85 0.33 0.49 2.18 0.22
TY40-49 ® 8.8 66.3 36.81 35.02 79.43 18.48 041 0.28 30.15 676.18 3.56
Background values © - 61 26.9 22.60 74.2 11.2 0.1 0.065 26 583 2.94
Limit value 4 - 200 100 100 250 30 0.3 24 120 - -

2 Ttem of surface soil. P Ttem of profile soil. ¢ Background values for soils in China [33]. ¢ Soil Environment Quality
Risk Control Standard for Soil Contamination of Agricultural Land [45].

The EF index values are presented in Figure 5 and in Table S4. According to the
EF index values, heavy metals showed a wide range of enrichment at each sampling
location. Cd had the highest degree of enrichment, belonging to moderate enrichment
and significant enrichment. The Hg and Pb enrichment level of most soil samples was
minimal pollution, but a small part showed significant enrichment. The lower enrichment
degree was found for Cr and Ni, except in TYO1. Briefly, the order of the average values of
the EF index was Cd > Hg > Pb > As > Zn > Cu > Ni > Cr. The high contents of Fe/Al/Mn
oxides, carbonaceous species, and clay (Al, /S5iO;) were closely related to the enrichment of
heavy metals in the soil. Human activities such as coal combustion, waste incineration, and
transportation can release a large amount of dust containing Cd and Hg into the atmosphere,
which is then enriched through natural sedimentation and rain [52]. In addition, the heavy
application of chemical fertilizers and pesticides in agricultural production can lead to Cd
pollution [53]. These results illustrate the effects of weathering of primary minerals for soil
formation and the impacts of mining activities on the concentrations of heavy metals in the
soil of the mining area.

Figure 5. Three-dimensional plots of enrichment factor (EF).
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The mean Cd concentration exceeded the standard value given in [45] by 36% (Table 1).
The results of the geoaccumulation index (Igeo) are shown in Figure 6 and listed in Table S5.
Moreover, Figure 6 indicated that soils in the coal mine area were significantly polluted
by Cd, which presented Class 5 (heavily to extremely contaminated, TY01) and Class
3 (moderately-heavily contaminated, TY02 and TY03). In addition, the Ige, of Cd in
most soil samples were classified as Class 2 (moderately contaminated). Hg, Pb, and
Zn presented lower Ige, values, dominated by Classes 2 (moderately contaminated) and
1 (uncontaminated-moderately contaminated). Because the TY01 and TY02 mixed soil
samples were collected near the pithead of an abandoned coal mine, they were more
strongly affected by the deposition of primary minerals and immersional wetting of tailings,
which resulted in extremely high Ige, values for Ni, Pb, and Zn. In addition, As and Cu
were associated with Ige, Classes 1 and 0 (practically uncontaminated). Cr presented
the lowest pollution, and it was the only contaminant with Ige, Class O for all samples.
According to the Ige, results, heavy metal pollution in the study area was at a safe level,
except for Hg and Cd. The main pollution sources are likely the tailings, dust piled up
in mining areas, and settlement of industrial coal. The high concentration of Cd caused
heavy metal pollution in the agricultural soils of the study area. Accordingly, long-term
consumption of rice, vegetables, fruits, and water seriously polluted by Cd are likely to
lead to chronic poisoning [54,55]. In addition, Cd has become the most serious heavy metal
soil pollutant in China and substantially affects the quality and yield of crops [4,56].

Figure 7 shows the chemical speciation percentages of the metals in the soil sample
(TY40), which was at the foot of the slope of the tailings. In addition, a large number
of crops were planted near the site from which this soil was sampled. In general, the
residual fraction was dominant in most metals (F4), except for Cd and Mn, in which the
reducible fraction was dominant (F2) (Cd: 55.17%; Mn: 81.16%). Owing to their detection
limit, only residual fractions were observed for As and Hg (100%). Cd yielded the highest
exchangeable fraction (F1), up to 17.24%, whereas the exchangeable fraction of As, Pb, Hg,
and Fe were not detected. Pb presented the highest oxidizable fraction (F3) (14.98%).

The percentages of different Cd fractions for F1, F2, F3, and F4 were 17.24%, 55.17%,
6.9%, and 20.69%, respectively. The high proportion exchangeable fraction of Cd indicated
that its bioavailability was high, and its migration ability in the soil was strong [57].
In addition, the release of exchangeable elements can cause a large amount of cation
replacement in soil through precipitation (acid rain), which leads to substantial nutrient
deficiency and toxicity to plants [58]. The reducible fraction generally exists in the outer
capsule of minerals and fine powder particles, with strong exclusive adsorption, and it is
easily released when the redox potential of the water body decreases or the water lacks
oxygen [59]. Both exchangeable and reducible fractions of Cd showed great bioavailability,
which indicated that Cd presented a greater pollution to the environment than other
elements in the study area.

The proportions of reducible and residual fractions of Pb were similar, at 37.65% and
47.37%, respectively. Generally, the release of Pb in reducible species is difficult, but under
anoxic conditions, generated by a soil water saturation (for example) with no water transfer,
Pb will be released, thereby causing secondary pollution [60]. In addition, the proportions
of oxidizable fraction of Pb was 14.98%, which indicated that Pb easily formed complexes or
chelates with humic acid and other organic matter in sediments, and it then coprecipitated
with sulfide. The oxidable fraction of heavy metals reflects the aquatic activities and effects
of the discharge of organic-rich sewage. Heavy metals in this form are relatively stable in
the soil, but under strong oxidation conditions, their mobility can increase, and they can
enter the water [61].

The high ratio of residual fraction in As, Hg, Cr, and Fe indicated a strong combination
with the crystal structure of minerals, which was stable under natural conditions with
a low transferability [62]. Because these elements mainly existed in the crystal lattice of
the minerals, a non-anthropogenic source was suggested for the metals in the residual
fraction [63]. Similar to the conclusion of many researchers [64], Cu and Zn appeared
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mostly in the residual and reducible fractions. In this study, soil particles were mainly
composed of silty clay, and the adsorption of heavy metals increased with the decrease
in particle size [65]. Mn is mainly found in the reducible fraction (from Fe-Mn oxides)
and less in the oxidizable fraction (bound to OM) [66]. Many studies have shown that Ni
can preferentially combine with aluminosilicate minerals (e.g., kaolinite and muscovite

(Figure 2) [67], resulting in its residual fraction being high (78.06%).
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Int. |. Environ. Res. Public Health 2022, 19, 6493 11 of 18

100

80

60

Extracted(%)

40 4

20

I
n Cu As Pb Ni Hg Cr Cd Mn Fe
B Exchangeable fraction (F1) || Reducible fraction (F2)
[[] Oxidizable fraction (F3) [l Residual fraction (F4)

Figure 7. The percentages of metals chemical speciation in soils.

3.3. Statistical Analysis

To further investigate the relationship between heavy metals in surface soils, the
Pearson correlation coefficients were calculated, and the results are shown in Table 2.
Ni was positively (p < 0.01) correlated with Zn, Cd, and Fe, whereas Cu was positively
correlated with Cr, Zn, As, Hg, and Pb. In addition, Zn exhibited positive significant
correlations with Cd, Pb, and Fe.

Table 2. The correlation matrix of metals and pH in soil.

Cr Ni Cu Zn As Cd Hg Pb Fe
Cr 1
Ni —0.128 1
Cu 0.506 ** 0.132 1
Zn 0.055 0.882 ** 0.511 ** 1
As 0.166 0.007 0.633 ** 0.259 1
Cd —0.183 0.921 ** 0.340 * 0.927 ** 0.18 1
Hg 0.251 —0.094 0.604 ** 0.186 0.636 ** 0.143 1
Pb —0.031 0.005 0.727 ** 0.389 ** 0.659 ** 0.326 * 0.596 ** 1
Fe 0.543 ** 0.568 ** 0.331*% 0.606 ** —0.022 0.473 ** —0.025 —0.05 1

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.

In this study, the sphericity (0.6) was larger than 0.5, and the KMO result was less
than 0.001, which indicated that the data was suitable for FA [68]. Based on eigenvalues
(eigenvalue > 1), three main factors explained 87.918% of the total variance. The variance
contribution rate of Factor 1 (F1) was 43.106%, and was positively correlated with Ni, Cd,
Zn, and Fe (0.975, 0.964, 0.934, and 0.589), respectively (Table 3). The interrelationships
between Ni, Zn, and Cd suggest the influence of local human activities (domestic waste
and fertilization) and lithology (weathering of parent rocks) on soil samples [41]. F2, which
explained 27.906% of the total variance, was highly positively correlated with Pb, As, Hg,
and Cu (0.885, 0.856, 0.831, and 0.8), respectively. Many researchers [69,70] believe that the
main reason for the enrichment of Cu and As in soils is the application of chemical fertilizers
and pesticides. The high correlation between Hg and Pb was attributed to the automobile
emissions from coal transportation and the fly ash produced by coal combustion [71]). F3
presented a variance contribution rate of 16.906%, and Cr and Fe presented high loads
(0.954 and 0.734, respectively). The high ratio of residual fraction in Cr and Fe indicated a
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high correlation with soil-forming parent material. Therefore, the analysis indicates that F1
represents anthropogenic and lithologic sources, which are affected by mining activities; F2
represents anthropogenic sources, such as fertilizers and traffic pollution; and F3 represents
the contribution of metals from soil-forming parent material.

Table 3. Factor loadings in soils.

F1 F2 F3 Communalities

Ni 0.975 —0.102 0.019 0.962

Cd 0.964 0.192 —0.084 0.962

Zn 0.934 0.275 0.146 0.879

Pb 0.167 0.885 —0.147 0.969

As 0.043 0.856 0.024 0.735

Hg —0.047 0.831 0.112 0.972

Cu 0.233 0.8 0.43 0.705

Cr —0.152 0.169 0.954 0.832

Fe 0.589 —0.099 0.734 0.896
Eigenvalues 0.975 —0.102 0.019
% of variance explained 43.106 27.906 16.906
Cumulative % of variance 43.106 71.012 87.918

depthicm)

Loading values for the PC axis higher than +0.5 and lower than —0.5 are given in bold.

3.4. Spatial Distribution and Risk Assessment

Figure 8 shows the distribution of metal concentrations in the vertical profile of the
soils under the tailings. The mean concentrations of all metals exceeded the background
values [33], especially those of Cd and Hg, which were four times the background values.
Only the concentration of Cd exceeded the limit value [45]. The metal concentrations in the
vertical profile of the soils (TY40-49) are listed in Table S3.
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Figure 8. Distribution of metal concentrations in vertical profile soils under the tailings. The red line
indicates background value.

In general, the concentrations of most metals decreased with depth, which indicated
that most metals in the farmland were still in the plow layer. The average deviation of Mn
was the highest (79.1°), followed by Cr (9.2°). The average deviations of other metals were
found to be within £5%. In Section 3.1, calcite and cuprite were found in TY40, which was
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sampled from the surface of the deep pit at the foot of the slope of the tailings. This may be
because the atmospheric precipitation would flow through the tailings before entering the
soil, bringing these minerals in the tailings into the surface soil. Therefore, heavy metals
were easier to enrich in surface layer. Fe and Mn concentrations were lower at 0-20 cm,
and higher at 60-80 cm, which was attributed to their predominant reducible (F2) and
residual fractions (F4). The weak acid water produced by tailing leaching reacted with
Fe and Mn oxides in the surface layer, which led to their enrichment in deeper soil layers.
The Cr concentration was low in the surface soil but rich at 70 cm. With the pH increase
(mean pH of 8.8), the Cr adsorption on soil was clearly weakened. This occurred because
higher pH values lead to more negative charges on the soil surface. This increases the
probability of the formation of complexes with organic acids, which decrease the adsorption
capacity and enhance the mobility of heavy metals in the soil [72]. In this study, the surface—
bottom soil pH showed a decreasing trend (from 9.05 to 8.54), which led to more Cr being
adsorbed on the clay in a deeper position than on the surface. The vertical distribution of Ni
concentration in the soil first decreased and then increased. The highest concentration of Ni
was at 70 cm. When the permeability of shallow soil was good, the density of deep soil was
high, the water retention was good, and the ability of Ni for downward migration would
increase [73]. In addition, the accumulation of Pb was likely related to the transportation of
leaded gasoline [67].

The spatial analysis of metals in the soils of the study area are shown in Figure 9, with
a clear spatial distribution pattern of heavy metals in the soil. Pb was mainly distributed
in the north and middle parts of the study area. The highest Pb values were observed
for TY02 (91.01 mg/kg), which was close to the entrance and exit of the transportation
center. This suggested that industrial activities substantially affected the enrichment of
Pb in the soil. The concentrations of Ni and Zn presented similar spatial distribution
patterns. High concentrations of Ni and Zn were mainly observed in areas where human
activities were concentrated, and they were observed throughout the entire study area,
from north to south. The high Ni and Zn contents in these other areas were mainly caused
by geochemical-related industrial activities, such as application of pesticides and chemical
fertilizers. The spatial distribution of Cu concentration was similar to those of Ni and Zn,
but it was more intense, which indicated that human activities had a more severe impact
on Cu.

The spatial distribution patterns of Cr were higher in the north and lower in the
south. High Cd concentration was mainly distributed in the north of the study area, where
pulverized fuel ash pipelines and tailings were located. A large number of pesticides
and chemical additives are used in agricultural activities both north and south of the
study area, resulting in the enrichment of As in the soils. High Hg concentrations were
observed southwest of the Xiaojiagou coal mine, which characterized a decrease in spatial
distribution from northeast to southwest. The Xiaojiagou coal mine, located south of the
study area, had been closed, whereas the Kongjiagou coal mine in the north was still
operative, so the northern road was the main coal transportation road. Moreover, there was
a large number of coal companies and tailings in the north of the research area, which likely
justified the enrichment of Zn, Ni, Cr, Cu, and Cd in the northern region. This also showed
that the mining operations exerted a more severe impact on the environment, whereas the
closure of mines was conducive to the recovery of the local environment.

We conducted a risk assessment for the study area to provide a basis for effective
suggestions for policy makers and farmers. The synthesis index was adopted for the
assessment. The results are shown in Table 4 and Figure 10, and they indicate that there
were few safe areas, accounting for only 0.06 km? (0.21%). This was mainly attributed to
the concentration of Cd, which exceeded the limit value in most areas. Most of the soil
(56.90%, 18.06 km?) belonged to guard grade (0.7 < p < 1), including central and southern
parts of the study area, where human activities were concentrated. Owing to the use of
chemical fertilizers and pesticides, these concentrated areas belonged to low pollution
grade. Considering the pithead of Kongjiagou coal mine as the boundary, several factors



Int. |. Environ. Res. Public Health 2022, 19, 6493 14 of 18

in the northern area caused them to belong to Levels 3-5, including coal transportation,
tailings accumulation, and chemical plants. These areas were classified under moderate
(1.96 km?2, 6.17%) and severe (0.36 km?2, 1.13%) with high concentrations of Cd (2.51 mg/kg)
and Pb (91.01 mg/kg). Some of the physiological effects of chronic exposure to waterborne
cadmium at sub-lethal concentrations are manifested in the form of reduction in growth and
changes in hematology and enzyme activity [74]. Lead at sub-lethal levels destroys normal
metabolic processes by disrupting calcium and sodium homeostasis [75]. In view of such
risks, protective measures are required to avoid heavy metal contamination of vegetables
and ensure food safety for human consumption. The risk assessment results can be used as
a basis to estimate the environmental cleaning costs of coal mine areas. The classification
suggests that vegetables should not be planted in high-risk areas, whereas in low-risk areas,
the cultivation of crops should consider the economic and environmental impacts.
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Figure 9. Spatial distributions of metals in farmland soils.

1
KM

Cr(mg/kg)

B 3+54-40.05
I 9055559
[ 55395834
[ s8sa—so87
[ | s987-6120
I s1.20-64.15
B s:.15-70.60

B 066118
B 5250

I 70.69-85.20

Table 4. The evaluation standard and results in study area.

Level p? Grade Area (km?) Percent (%)
1 p<0.7 Safety 0.06 0.21
2 07<op<1 Guard 18.06 56.90
3 1<p<2 Low pollution 11.29 35.59
4 2<p<3 Moderate pollution 1.96 6.17
5 p<3 Severe pollution 0.36 1.13

2 The standard based on [43,45].
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Figure 10. The synthesis index map of metals in study area.

4. Conclusions

In this study, we investigated the mineralogical characterization, concentrations, spe-
ciation, statistical analysis, spatial distribution, and risk assessment of metals in a coal
mine area in Dazhu, China. Except for As and Cr, the concentrations of all metals (Fe, Ni,
Cu, Zn, Mn, Cd, Hg, and Pb) exceeded the background values [33], which indicated that
the weathering of primary minerals in soil formation and coal mining activities substan-
tially affected soil quality. Cd pollution was the most intense, and it exceeded the limit
by 36% [45]. Cd was classified under Ige, Class 5 (heavily—extremely contaminated) or
Class 6 (extremely contaminated). The XRD and SEM analyses indicated the presence
of many secondary minerals, which likely influenced the concentrations of heavy metals.
The residual fraction was dominant for most metals, except Cd and Mn, for which the
reducible fraction was dominant (Cd: 55.17%; Mn: 81.16%). The concentrations of most
metals decreased with depth, which indicated that most metals in the farmlands originated
from human activities and remained in the plow layer. The statistical analysis showed that
Factor 1 can represent anthropogenic and lithologic sources, which are affected by mining
activities, whereas Factor 2 can represent anthropogenic sources such as fertilizers and
traffic pollution. Factor 3 represented the contribution of metals from soil-forming parent
material. The heavy metal concentration in the mining area was high and presented high
risk, so the area is not suitable for agriculture. The mining activities had a severe impact on
the environment, whereas areas with closed mines were associated with the recovery of the
local environment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph19116493/s1, Table S1: The certified and test values of standard
samples and the detection limits of each element, Table S2: Six classes of the geoaccumulation index,
Table S3: pH and concentrations of soil samples, Table S4: The EF index values, Table S5: The
geoaccumulation index (Igeo)-

Author Contributions: Conception and design of sampling, D.D.; investigation, D.D., Y.S., B.R. and
L.S.; chemical analysis, D.D. and Y.S.; statistical analysis and modeling, D.D.; writing—original draft
preparation, D.D. and Y.W.; writing—review and editing, D.D. and Y.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by key research and development project of Sichuan Province (No.
2018JY0425 and 20185Z0290).


https://www.mdpi.com/article/10.3390/ijerph19116493/s1
https://www.mdpi.com/article/10.3390/ijerph19116493/s1

Int. |. Environ. Res. Public Health 2022, 19, 6493 16 of 18

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Deng Xiaoquan and Gao Yuping for their test and
financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Du, PP. Research on Geologic Environment Effects Induced by Coal Mining in Ecological Weakness Area and Assessment Techniques: A Case
Study Tnking Yushenfu Mining District in Northern Shanxi Province; China University of Mining and Technology: Xuzhou, China, 2011.

2. Li, M.B.; Wu, H. Coal seam physical property and coal quality characteristics of Jingang coal mine in Dazhou city, Sichuan
province. Mod. Min. 2018, 34, 41-45.

3. Niu, S.P.;; Gao, L.M.; Zhao, ].J. Distribution and risk assessment of heavy metals in the Xinzhuangzi reclamation soil from the
Huainan coal mining area, China. Hum. Ecol. Risk Assess. Int. ]. 2015, 21, 900-912. [CrossRef]

4. Li, Z.; Ma, Z.; van der Kuijp, T.J.; Yuan, Z.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and
health risk assessment. Sci. Total Environ. 2014, 468-469, 843-853. [CrossRef] [PubMed]

5. Beane, S.J.; Comber, S.D.W,; Rieuwerts, J.; Long, P. Abandoned metal mines and their impact on receiving waters: A case study
from Southwest England. Chemosphere 2016, 153, 294-306. [CrossRef] [PubMed]

6. Zuzolo, D.; Cicchella, D.; Catani, V.; Giaccio, L.; Guagliardi, I.; Esposito, L.; De Vivo, B. Assessment of potentially harmful
elements pollution in the Calore River basin (Southern Italy). Environ. Geochem. Health 2016, 39, 531-548. [CrossRef] [PubMed]

7. Wang,],; Liu, W,; Yang, R.; Zhang, L.; Ma, J. Assessment of the potential ecological risk of heavy metals in reclaimed soils at an
opencast coal mine. Disaster. Adv. 2013, 6, 366-377.

8.  Kumar, V,; Sharma, A.; Minakshi; Bhardwaj, R.; Thukral, A K. Temporal distribution, source apportionment, and pollution
assessment of metals in the sediments of Beas river, India. Hum. Ecol. Risk Assess. 2018, 24, 2162-2181. [CrossRef]

9. Dong,J; Yang, Q.; Sun, L.; Zeng, Q.; Liu, S.; Pan, J.; Liu, X. Assessing the concentration and potential dietary risk of heavy metals
in vegetables at a Pb/Zn mine site, China. Environ. Earth Sci. 2011, 64, 1317-1321. [CrossRef]

10. Park, B.; Lee, J.; Ro, H.; Kim, Y.H. Effects of heavy metal contamination from an abandoned mine on nematode community
structure as an indicator of soil ecosystem health. Appl. Soil Ecol. 2011, 51, 17-24. [CrossRef]

11.  Zhao, FJ.;Ma, Y.; Zhu, Y.G,; Tang, Z.; McGrath, S.P. Soil contamination in China: Current status and mitigation strategies. Environ.
Sci. Technol. 2015, 49, 750-759. [CrossRef]

12.  Luo, J.; Cheng, H; Ren, J.; Davison, W.; Zhang, H. Mechanistic insights from DGT and soil solution measurements on the uptake
of Ni and Cd by radish. Environ. Sci. Technol. 2014, 48, 7305-7313. [CrossRef] [PubMed]

13. Cai, LM.; Wang, Q.S.; Luo, J.; Chen, L.G.; Zhu, R.L.; Wang, S.; Tang, C.H. Heavy metal contamination and health risk assessment
for children near a large Cu-smelter in central China. Sci. Total Environ. 2019, 650, 725-733. [CrossRef] [PubMed]

14. Khan, S,; Reid, B.J.; Li, G.; Zhu, Y.-G. Application of biochar to soil reduces cancer risk via rice consumption: A case study in
Miaogqian village, Longyan, China. Environ. Int. 2014, 68, 154-161. [CrossRef] [PubMed]

15. Rai, PK; Lee, S.S.; Zhang, M.; Tsang, Y.F.; Kim, K.H. Heavy metals in food crops: Health risks, fate, mechanisms, and management.
Environ. Int. 2019, 125, 365-385. [CrossRef]

16. He,S.; Lu, Q.; Li, W,; Ren, Z.; Zhou, Z.; Feng, X.; Zhang, Y.; Li, Y. Factors controlling cadmium and lead activities in different
parent material-derived soils from the Pearl River Basin. Chemosphere 2017, 182, 509-516. [CrossRef]

17.  Liu, X,; Jing, M.; Bai, Z. Heavy Metal Concentrations of Soil, Rock, and Coal Gangue in the Geological Profile of a Large Open-Pit
Coal Mine in China. Sustainability 2022, 14, 1020. [CrossRef]

18.  Sun, Z; Xie, X.; Wang, P; Hu, Y.; Cheng, H. Heavy metal pollution caused by small-scale metal ore mining activities: A case study
from a polymetallic mine in South China. Sci. Total Environ. 2018, 639, 217-227. [CrossRef]

19. Barbieri, M. The importance of enrichment factor (EF) and geoaccumulation index (igeo) to evaluate the soil contamination.
J. Geol. Geophys. 2016, 5, 2. [CrossRef]

20. Qiu, Y.; Guan, D.S.; Song, WW.; Huang, K.Y. Capture of heavy metals and sulfur by foliar dustin urban Huizhou, Guangdong
Province, China. Chemosphere 2009, 75, 447-452. [CrossRef]

21. Zhang, X.Y,; Lin, EF,; Wong, M.T,; Feng, X.L.; Wang, K. Identification of soil heavy metal sources from anthropogenic activities
and pollution assessment of Fuyang County, China. Environ. Monit. Assess. 2009, 154, 439-449. [CrossRef]

22. Gee, G.W,; Bauder, J.W. Particle-size analysis. In Methods of Soil Analysis. Part 1: Physical and Mineralogical Methods, 2nd ed.;
Klute, A., Ed.; American Society of Agronomy and Soil Science Society of America: Madison, WI, USA, 1986; pp. 383-410.

23. DZ/T 0279-2016; Geological and Mineral Industry Standards. Ministry of Land and Resources, PRC: Beijing, China, 2016; p. 4.

24. HJ491-2019; National Environmental Protection Standards. Ministry of Ecological Environment, PRC: Beijing, China, 2019; p. 4.

25.  GB/T 22105-2008; National Standard-Method for Determination of Total Mercury, Total Arsenic and Total Lead by Atomic

Fluorescence. Standardization Administration of China: Beijing, China, 2008; p. 2.


http://doi.org/10.1080/10807039.2014.943572
http://doi.org/10.1016/j.scitotenv.2013.08.090
http://www.ncbi.nlm.nih.gov/pubmed/24076505
http://doi.org/10.1016/j.chemosphere.2016.03.022
http://www.ncbi.nlm.nih.gov/pubmed/27023117
http://doi.org/10.1007/s10653-016-9832-2
http://www.ncbi.nlm.nih.gov/pubmed/27142759
http://doi.org/10.1080/10807039.2018.1440529
http://doi.org/10.1007/s12665-011-0992-1
http://doi.org/10.1016/j.apsoil.2011.08.006
http://doi.org/10.1021/es5047099
http://doi.org/10.1021/es500173e
http://www.ncbi.nlm.nih.gov/pubmed/24853263
http://doi.org/10.1016/j.scitotenv.2018.09.081
http://www.ncbi.nlm.nih.gov/pubmed/30212703
http://doi.org/10.1016/j.envint.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24727070
http://doi.org/10.1016/j.envint.2019.01.067
http://doi.org/10.1016/j.chemosphere.2017.05.007
http://doi.org/10.3390/su14021020
http://doi.org/10.1016/j.scitotenv.2018.05.176
http://doi.org/10.4172/2381-8719.1000237
http://doi.org/10.1016/j.chemosphere.2008.12.061
http://doi.org/10.1007/s10661-008-0410-7

Int. |. Environ. Res. Public Health 2022, 19, 6493 17 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hu, C; Yang, X.; Dong, J.; Zhang, X. Heavy metal concentrations and chemical fractions in sediment from Swan Lagoon, China:
Their relation to the physiochemical properties of sediment. Chemosphere 2018, 209, 848-856. [CrossRef] [PubMed]

Liu, G.N,; Yu, YJ.; Hou, J.; Xue, W.; Liu, X,; Liu, Y.; Wang, W.; Alsaedi, A.; Hayat, T.; Liu, Z. An ecological risk assessment of
heavy metal pollution of the agricultural ecosystem near a lead-acid battery factory. Ecol. Indic. 2014, 47, 210-218. [CrossRef]
Bourennane, H.; Douay, F.; Sterckeman, T.; Villanneau, E.; Ciesielski, H.; King, D.; Baize, D. Mapping of anthropogenic trace
elements inputs in agricultural topsoil from Northern France using enrichment factors. Geoderma 2010, 157, 165-174. [CrossRef]
Chen, Z.L.; Huang, Y.; Cheng, X.; Ni, S.; Wang, ].].; Ren, B.Z.; Yu, Q.L. Assessment of toxic elements in road dust from Hutou
Village, China: Implications for the highest incidence of lung cancer. Environ. Sci. Pollut. Res. 2021, 28, 1850-1865. [CrossRef]
Sutherland, R.A. Bed sediment-associated trace metals in an urban stream, Oahu, Hawaii. Environ. Geol. 2000, 39, 611-627.
[CrossRef]

Tian, K.; Huang, B.; Xing, Z.; Hu, W.Y. Geochemical baseline establishment and ecological risk evaluation of heavy metals in
greenhouse soils from Dongtai, China. Ecol. Indic. 2017, 72, 510-520. [CrossRef]

Karim, Z.; Qureshi, B.A.; Mumtaz, M. Geochemical baseline determination and pollution assessment of heavy metals in urban
soils of Karachi. Pakistan. Ecol. Indic. 2015, 48, 358-364. [CrossRef]

China National Environmental Monitoring Center (CNEMC). The Background Values of Soil Elements in China; China Environmental
Science Press: Beijing, China, 1990. (In Chinese)

Ji, Y.Q.; Feng, Y.C.; Wu, J.H.; Wu, ].H.; Zhu, T.; Bai, Z.P,; Duan, C.Q. Using geoaccumulation index to study source profiles of soil
dust in China. J. Environ. Sci. 2008, 20, 571-578. [CrossRef]

Hou, D.Y.; O’Connor, D.; Nathanail, P; Li, T.; Ma, Y. Integrated GIS and multivariate statistical analysis for regional scale
assessment of heavy metal soil contamination: A critical review. Environ. Pollut. 2017, 231 Pt 1, 1188-1200. [CrossRef]

Mic6, C.; Recatald, L.; Peris, M.; Sanchez, J. Assessing heavy metal sources in agricultural soils of an European Mediterranean
area by multivariate analysis. Chemosphere 2006, 65, 863-872. [CrossRef]

Rodriguez Martin, J.A.; Lopez Arias, M.; Grau Corbi, ]. M. Heavy metals contents in agricultural topsoils in the Ebro basin
(Spain). Application of the multivariate geoestatistical methods to study spatial variations. Environ. Pollut. 2006, 144, 1001-1012.
[PubMed]

Franco-Uria, A.; Lépez-Mateo, C.; Roca, E.; Fernandez-Marcos, M.L. Source identification of heavy metals in pastureland by
multivariate analysis in NW Spain. J. Hazard. Mater. 2009, 165, 1008-1015. [CrossRef]

Cai, LM.,; Xu, Z.C,; Ren, M.Z.; Guo, Q.W.; Hu, X.B.; Hu, G.C.; Wang, H.F.; Peng, P.A. Source identification of eight hazardous
heavy metals in agricultural soils of Huizhou, Guangdong Province, China. Ecofoxicol. Environ. Saf. 2012, 78, 2-8. [CrossRef]
[PubMed]

Cai, LM.; Xu, Z; Bao, P.; He, M.; Dou, L.; Chen, L.; Zhou, Y.; Zhu, Y.G. Multivariate and geostatistical analyses of the spatial
distribution and source of arsenic and heavy metals in the agricultural soils in Shunde, Southeast China. J. Geochem. Explor. 2015,
148, 189-195. [CrossRef]

Khosravi, Y.; Zamani, A.A.; Parizanganeh, A.H.; Yaftian, M.R. Assessment of spatial distribution pattern of heavy metals
surrounding a lead and zinc production plant in Zanjan Province, Iran. Geoderma Reg. 2018, 12, 10-17. [CrossRef]

Cai, S.; Zhou, S.; Wu, P; Zhao, J. Speciation and bioavailability of metals in sediments from a stream impacted by abandoned
mines in maoshi town, Southwest of China. Bull. Environ. Contam. Toxicol. 2019, 103, 302-307. [CrossRef]

Yan, W.; Mahmood, Q.; Peng, D.; Fu, W.; Chen, T.; Wang, Y.; Li, S.; Chen, J.; Liu, D. The spatial distribution pattern of heavy
metals and risk assessment of moso bamboo forest soil around lead-zinc mine in Southeastern China. Soil Tillage Res. 2015, 153,
120-130. [CrossRef]

Wang, L.; Guo, Z.; Xiao, X.; Chen, T.; Liao, X.; Song, J.; Wu, B. Heavy metal pollution of soils and vegetables in the midstream and
downstream of the Xiangjiang River, Hunan Province. J. Geogr. Sci. 2008, 18, 353-362. [CrossRef]

GB15618-2018; Soil Environment Quality Risk Control Standard for Soil Contamination of Agricultural Land. PRC: Beijing, China,
2018; p. 2.

Li, Y.; Wang, Y,; Gou, X.; Su, Y.; Wang, G. Risk assessment of heavy metals in soils and vegetables around non-ferrous metals
mining and smelting sites, Baiyin, China. J. Environ. Sci. 2006, 18, 1124-1134. [CrossRef]

Li, Y.J. Sequence-Palaeogeography and Coal Accumulation of the Late Triassic Xujiahe Formation in the Sichuan Basin; China University of
Mining and Technology: Beijing, China, 2014.

Liu, X.; Shi, H.; Bai, Z.; Zhou, W.; Liu, K.; Wang, M.; He, Y. Heavy metal concentrations of soils near the large opencast coal mine
pits in China. Chemosphere 2019, 244, 125360. [CrossRef]

Amari, K.E.; Valera, P; Hibti, M.; Pretti, S.; Marcello, A.; Essarraj, S. Impact of mine tailings on surrounding soils and ground
water: Case of Kettara old mine, Morocco. . Afr. Earth Sci. 2014, 100, 437-449. [CrossRef]

Neiva, A.M.R,; Carvalho, P.C.S.; Antunes, LM.H.R,; Silva, M.M.V.G.; Santos, A.C.T.; Cabral Pinto, M.M.S.; Cunha, P.P. Contami-
nated water, stream sediments and soils close to the abandoned Pinhal do Souto uranium mine, Central Portugal. J. Geochem.
Explor. 2014, 136, 102-117. [CrossRef]

Zhao, K.; Fu, W,; Liu, X.; Huang, D.; Zhang, C.; Ye, Z.; Xu, J. Spatial variations of concentrations of copper and its speciation in
the soil-rice system in Wenling of southeastern China. Environ. Sci. Pollut. Res. 2014, 21, 7165-7176. [CrossRef] [PubMed]

Wu, X.L,; Huang, X.F; Li, C.C.; Hu, ].W,; Tang, FH.; Zhang, Z.D. Soil heavy metal pollution degrees and metal chemical forms
around the coal mining area in western Guizhou. Res. Soil Water Conserv. 2018, 25, 335-341.


http://doi.org/10.1016/j.chemosphere.2018.06.113
http://www.ncbi.nlm.nih.gov/pubmed/30114733
http://doi.org/10.1016/j.ecolind.2014.04.040
http://doi.org/10.1016/j.geoderma.2010.04.009
http://doi.org/10.1007/s11356-020-10154-y
http://doi.org/10.1007/s002540050473
http://doi.org/10.1016/j.ecolind.2016.08.037
http://doi.org/10.1016/j.ecolind.2014.08.032
http://doi.org/10.1016/S1001-0742(08)62096-3
http://doi.org/10.1016/j.envpol.2017.07.021
http://doi.org/10.1016/j.chemosphere.2006.03.016
http://www.ncbi.nlm.nih.gov/pubmed/16580763
http://doi.org/10.1016/j.jhazmat.2008.10.118
http://doi.org/10.1016/j.ecoenv.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22257794
http://doi.org/10.1016/j.gexplo.2014.09.010
http://doi.org/10.1016/j.geodrs.2017.12.002
http://doi.org/10.1007/s00128-019-02635-9
http://doi.org/10.1016/j.still.2015.05.013
http://doi.org/10.1007/s11442-008-0353-5
http://doi.org/10.1016/S1001-0742(06)60050-8
http://doi.org/10.1016/j.chemosphere.2019.125360
http://doi.org/10.1016/j.jafrearsci.2014.07.017
http://doi.org/10.1016/j.gexplo.2013.10.014
http://doi.org/10.1007/s11356-014-2638-9
http://www.ncbi.nlm.nih.gov/pubmed/24562455

Int. |. Environ. Res. Public Health 2022, 19, 6493 18 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

Wang, H.; Wu, Q.; Hu, W.; Huang, B.; Dong, L.; Liu, G. Using multi-medium factors analysis to assess heavy metal health risks
along the Yangtze River in Nanjing, Southeast China. Environ. Pollut. 2018, 243, 1047-1056. [CrossRef]

Ge, EF; Wang, X.E; Fu, WJ.; Wang, L.L,; Jin, C.X,; Ly, . H.; Cao, Z.G.; Yan, G.X,; Zhang, X. A Review of Cadmium Polluted
Agricultural Soils and Phytoremediation in China. Environ. Prot. Sci. 2017, 43, 105-110.

Ren, B.Z.; Wu, Y.; Deng, D.P; Tang, X.E; Li, H.T. Effect of multiple factors on the adsorption of Cd in an alluvial soil from Xiba,
China. J. Contam. Hydrol. 2020, 232, 103605. [CrossRef]

Bin, H.; Zhaojun, Y.; Jianbo, S.; Guibin, J. Research progress of heavy metal pollution in China: Sources, analytical methods,
status, and toxicity. Chin. Sci. Bull. 2013, 58, 134-140.

Guo, J.K;; Zhao, J.; Wei, T.; Li, Y.P; L1, X,; Ren, Q.; Wang, X.H. Speciation and pollution assessment of cadmium and lead in
vegetable greenhouse soil from a Xi’an Suburb with different cultivating years. J. Agro-Environ. Sci. 2018, 37, 2570-2577.

Kassir, L.N.; Darwish, T.; Shaban, A.; Olivier, G.; Ouaini, N. Mobility and bioavailability of selected trace elements in Mediter-
ranean red soil amended with phosphate fertilizers: Experimental study. Geoderma 2012, 189-190, 357-368. [CrossRef]

Huang, Y,; Li, Y.X.; Gao, EW.,; Xu, M.M.; Sun, B.; Wang, N.; Yang, J. Speciation and Risk Assessment of Heavy Metals in Surface
Sediments from the Heavily Polluted Area of Xiaoqing River. Environ. Sci. 2015, 36, 2046—-2053.

Zhang, K.; Chai, F.; Zheng, Z.; Yang, Q.; Zhong, X.; Fomba, K.W.; Zhou, G. Size distribution and source of heavy metals in
particulate matter on the lead and zinc smelting affected area. J. Environ. Sci. 2018, 71, 188-196. [CrossRef] [PubMed]
Davidson, C.M.; Urquhart, G.J.; Ajmone-Marsan, F,; Biasioli, M.; da Costa Duarte, A.; Diaz-Barrientos, E.; Gréman, H.; Hossack, L;
Hursthouse, A.S.; Madrid, L.; et al. Fractionation of potentially toxic elements in urban soils from five European cities by means
of a harmonised sequential extraction procedure. Anal. Chim. Acta 2006, 565, 63-72. [CrossRef]

Ma, X.L.; Zuo, H.; Tian, M.J.; Zhang, L.Y.; Meng, J.; Zhou, X.; Min, N.; Chang, X; Liu, Y. Assessment of heavy metals contamination
in sediments from three adjacent regions of the Yellow River using metal chemical fractions and multivariate analysis techniques.
Chemosphere 2016, 144, 264-272. [CrossRef]

Acosta, J.A.; Gabarrén, M.; Faz, A.; Martinez-Martinez, S.; Zornoza, R.; Arocena, ]. M. Influence of population density on the
concentration and speciation of metals in the soil and street dust from urban areas. Chemosphere. 2015, 134, 328-337. [CrossRef]
Adriano, D. Trace Elements in Terrestrial Environments. In Biogeochemistry, Bioavailability and Risks of Metals; Springer:
New York, NY, USA, 2001; 866p.

Zong, Y.T; Xiao, Q.; Lu, S.G. Distribution, bioavailability, and leachability of heavy metals in soil particle size fractions of urban
soils (northeastern China). Environ Sci Pollut Res. 2016, 23, 14600-14607.

Huang, Q.; Tang, S.; Huang, X.; Zhang, F,; Yi, Q.; Li, P.; Fu, H. Influence of rice cultivation on the abundance and fractionation of
Fe, Mn, Zn, Cu, and Al in acid sulfate paddy soils in the Pearl River Delta. Chem. Geol. 2017, 448, 93-99. [CrossRef]

Li, H.X,; Ji, H.B. Chemical speciation, vertical profile and human health risk assessment of heavy metals in soils from coal-mine
brownfield, Beijing, China. J. Geochem. Explor. 2017, 183, 22-32. [CrossRef]

Davis, ].C.; Sampson, R.J. Statistics and Data Analysis in Geology; John Wiley & Sons, Inc.: New York, NY, USA, 1986; pp. 166-171.
Jiao, W.; Chen, W.; Chang, A.C.; Page, A.L. Environmental risks of trace elements associated with long-term phosphate fertilizers
applications: A review. Environ. Pollut. 2012, 168, 44-53. [CrossRef]

Wang, Y.; Duan, X.; Wang, L. Spatial distribution and source analysis of heavy metals in soils influenced by industrial enterprise
distribution: Case study in Jiangsu Province. Sci. Total Environ. 2020, 710, 134953. [CrossRef]

Lv, J.; Liu, Y.,; Zhang, Z.; Dai, ]. Factorial kriging and stepwise regression approach to identify environmental factors influencing
spatial multi-scale variability of heavy metals in soils. J. Hazard Mater. 2013, 261, 387-397. [CrossRef] [PubMed]

Dou, W.Q.; An, Y;; Qin, L.; Lin, D.S.; Dong, M.M. Characteristics of vertical distribution and migration of heavy metals in
farmland soils and ecological risk assessment. Environ. Eng. 2021, 39, 166-172.

Shi, R.; Yue, R.; Zhang, H. Research on Vertical Distribution of Heavy Metal in Soil around Non-ferrous Metal Industry Area.
Chin. J. Soil Sci. 2016, 47, 186-191.

Heydarnejad, M.S.; Khosravian-Hemamai, M.; Nematollahi, A. Effects of cadmium at sub-lethal concentration on growth and
biochemical parameters in rainbow trout (Oncorhynchus mykiss). Ir. Vet. J. 2013, 66, 11. [CrossRef]

Van Ginneken, M.; Blust, R.; Bervoets, L. How lethal concentration changes over time: Toxicity of cadmium, copper, and lead to
the freshwater isopod Asellus aquaticus. Environ. Toxicol. Chem. 2017, 36, 10. [CrossRef]


http://doi.org/10.1016/j.envpol.2018.09.036
http://doi.org/10.1016/j.jconhyd.2020.103605
http://doi.org/10.1016/j.geoderma.2012.05.017
http://doi.org/10.1016/j.jes.2018.04.018
http://www.ncbi.nlm.nih.gov/pubmed/30195677
http://doi.org/10.1016/j.aca.2006.02.014
http://doi.org/10.1016/j.chemosphere.2015.08.026
http://doi.org/10.1016/j.chemosphere.2015.04.038
http://doi.org/10.1016/j.chemgeo.2016.11.012
http://doi.org/10.1016/j.gexplo.2017.09.012
http://doi.org/10.1016/j.envpol.2012.03.052
http://doi.org/10.1016/j.scitotenv.2019.134953
http://doi.org/10.1016/j.jhazmat.2013.07.065
http://www.ncbi.nlm.nih.gov/pubmed/23973471
http://doi.org/10.1186/2046-0481-66-11
http://doi.org/10.1002/etc.3847

	Introduction 
	Materials and Methods 
	Site Description 
	Soil Sampling and Analysis 
	Evaluation of Soil Contamination 
	Statistical Analysis 
	Risk Evaluation 

	Results and Discussion 
	Physical and Chemical Characterization 
	Concentration and Speciation of Heavy Metals 
	Statistical Analysis 
	Spatial Distribution and Risk Assessment 

	Conclusions 
	References

