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Abstract: The present research was carried out to examine the health and environmental impacts
associated with coal mining activities in the Makarwal coal mining area in Pakistan. To achieve the
objectives, 41 soil samples were collected from the coalmine-affected areas and analyzed for major
and toxic trace elements (TTEs) using atomic absorption spectroscopy. Most of the soil samples
have extremely high concentrations of toxic metals such as Ni, Cd, Cr, Cu, Zn, and Pb. The positive
correlations and high concentration of trace elements in the Makarwal coalmine-affected region
suggest an analogous origin of soil contamination. The factor analysis (FA) showed two components,
ie., F1 (53.4%) and F (74.21%), of total variability for soil. The F2 was loaded with Pb, Zn, Ni,
and Cr, which was similar to cluster 2, while the F1 was loaded with Cu and Cr, having a similar
pattern to cluster 1. This proves that the contamination in the surrounding area is mostly associated
with geological ore strata existing in the Makarwal coalfield. Based on geoaccumulation (Igeo), the
elemental concentration in the studied soil sample could be categorized as follows: (1) Pb, Ni, and Zn
are moderate to severely polluted and (2) Cr and Cu are in the moderately polluted category. The
ecological risk indices (ERIs) of the single trace element contamination index highlighted that Cd,
Pb, Ni, and Cr pose a high risk to humans and the ecosystem. Based on different statistical tools
performed for the source identification and distribution of metal contamination, it seems that the
exposed sedimentary rocks, including limestone, dolomite, sandstone, and coal, are responsible for
the toxic metal contamination in the study area.

Keywords: coalfield; ecological risk mapping; geostatistics; health risk; pollution indices; TTEs

1. Introduction

Coal is the main source of energy and has been thought of as the economic backbone
of the country for a long time. However, the coalmine’s health and environmental con-
sequences must not be overlooked [1-4]. Up to 76 of the 92 elements are found naturally
in coal. The elements that have a high concentration as well as an economic importance
are called “critical”, while the elements that have a lower concentration than 100 mg/kg
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or Earth crust abundance are called “trace” elements [5]. In fact, due to their lower cut-
off grade value, the critical elements can be considered hazardous if their concentration
exceeds the permissible limits. Coalmines release toxic and trace elements through local
dumping, coal burning, fly ash deposition, coalmine drainage, smoke, and coal ash deposi-
tion, which may trigger environmental pollution [6]. Acid mines can have a big impact on
the drainage system in coal mining areas. This is because the pyrite (iron sulfide) in the
coal reacts with water and air to make acidic water, which dissolves and moves metal from
the adjacent rocks [7]. Further, coal mining can generate huge quantities of solid waste
due to overburden dumping, loading and unloading, and rainfall. However, coal cleaning
plants may release a huge amount of coal slime, coal gangue, and liquid wastes.

Soil is the primary pool for pollutants and biota, where elemental pollutants can be
transferred to living organisms, groundwater, food crops, and the nearby environment [8-11].
Soil has a natural elemental and nutrient concentration associated with its parent materials,
but the boosted elemental content is because of mining (coal mining, copper mining) and
other human activities, i.e., the use of pesticides, fertilizers, and contaminated water for
irrigation [12]. The high availability of toxic and trace elements in the soil of mining areas
is due to mining activities, which can pose a significant risk to humans, agricultural land,
water bodies, and living organisms. Alternatively, it may affect the food chain, atmospheric
quality, infrastructure, aesthetics, and social life of the region [2,13].

Coalmines are an important part of making energy, and almost 27% of the world’s
economy comes from coal [14]. Open-pit and underground coal exploitations included
a phased development in the mines and surrounding rock removal, which have a low
concentration of coal (<30%) and high iron sulfide (FeS,) minerals. Coal mining operations
disrupt various parental rock materials, which may release various minerals and toxic
elements to the surrounding environment [15]. Furthermore, coal is considered a critical
source of energy for maintaining national security in both developed and emerging nations.
The majority of industrialized nations, including China, Russia, and the United States, rely
heavily on coal energy [16]. The least developed nations, such as Pakistan, lack modern
methods for using coal resources for electricity and industrial purposes [17]; however,
conventional techniques of coal prospecting have begun in several regions of the country.
During typical prospecting procedures, a large volume of coal is wasted and dumped in
the adjacent area. According to Hussain et al. [18], a large quantity of coal is lost during
coal mining, contaminating local water bodies, agricultural land, food crops, and human
health. The present research attempts to investigate the effects of coal waste on the soil in
the Makarwal area.

It is now widely understood that coal mineral activities, especially of those metallic
minerals, play a greater role in the contamination of water and soils in adjacent areas [19,20].
Therefore, it is expected that coal mining in the study area would certainly have profound
environmental impacts on the soils of the study area. To probe the soil contamination, the
present study proposes to account for the environmental problems with special emphasis
on the soils of the Makarwal coal mining area (Figure 1). In this study, an attempt was made
(i) to determine the major and toxic trace elements in coal and soils of the Makarwal coal
mining area; (ii) to investigate the environmental impacts (ecological risk) of coal mining
on the locality; and (iii) to prepare geochemical concentration maps of various parameters
in the soils of the study area.
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Figure 1. Location map of the study area showing the locations of the coal mines and soil samples.

2. Materials and Methods
2.1. Physiography

The Makarwal coalfield is located in Tehsil Isa Khel, district Mianwali, Punjab, Pak-
istan, covering an area of about 75 km? (Figure 1). According to the national census of
2017, the population of Makarwal is about 70,000. The coal reserves in Makarwal have
been estimated at 22 million metric tons, and the annual production during 2014-2015 was
950 hundred metric tons [21].

The Trans-Indus Ranges of Pakistan, which lie west of the Salt Range and the Indus
River, are a group of arcuate mountains where distinct ranges include the Surghar, Shinghar,
Marwat, and Khisor ranges, located at a distance of about 50 km at the south of Kohat
(Figure 1) [22]. The Makarwal coalfield is situated in the Surghar Range, a well-defined
series of ridges bounded by a prominent escarpment facing the Indus River [23]. Coal
resources in the Trans-Indus mountains were first reported by Wynne [24]. The presence
of coal between the Kalabagh and Makarwal areas was first reported by Simpson and
Pearson [25]. Gee [26] studied detailed geology and coal resources in the vicinity of
Kalabagh and Makarwal, where coal occurs in the steeply dipping Hangu Formation, with
the thickness of its bed ranging from 0.5 to 2.0 m.

2.2. Samples Collection

Using a hand auger, a total of 41 soil samples and duplicate samples were taken from
different agricultural fields down to a depth of about 0-30 cm at different points to make
a single representative sample (Figure 1) [27]. The soil samples were from the Makarwal
coalfield located in district Mianwali in May 2021 (coal extraction time). The samples were
collected in polythene bags and transferred to the geochemistry laboratory of the National
Center of Excellence in Geology (NCEG), University of Peshawar, for further processing.
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The representative samples were dried in the air, and all the organic matter was carefully
removed. These samples were then ground and screened through a 200-mesh sieve. The
pulverized soil samples were stored in airtight polythene bags to avoid contamination [28].

2.3. Experimental Procedures

For the determination of trace elements, each 1 g dried soil sample was taken in a
series of clean Teflon beakers and treated with 5 mL of hydrofluoric acid (HF) at a contact
temperature of 220 °C. The samples were further treated with 10 mL of Aqua Regia and
20 mL of 2N HCl so that all the elements came into ionic form. The digested contents were
then filtered through Whatman Ashless Grade 42 filter paper and diluted to 50 mL. This
solution was then used for the determination of toxic trace elements [27,29].

For the determination of major oxides, 0.5 g of each soil sample was treated with HF
(10 mL) and perchloric acid (HCIO4) (4 mL) for two hours in a series of Teflon beakers.
Then, 2 mL of HCIO4 was added again to each sample and heated continuously till the
paste was obtained. After obtaining the paste, 4 mL of HCIO4 was added again to each
beaker and heated for a while, and then allowed to cool. Finally, the contents of each beaker
were filtered through Whatman ashless grade 42 filter paper in a volumetric flask of 250 mL
using deionized water. The digested contents were then used for the determination of
major oxides [29,30]. All the trace and major elements were analyzed using the Graphite
Furnace Atomic Absorption Spectrophotometer (AAS-A700, Perkin Elmer, Singapore Ltd.,
USA) at the NCEG, University of Peshawar. All analyses were performed in triplicate, and
the accuracy and precision were found within a confidence limit of 90-95%. During this
study, the natural background values of Bohn et al. [31] were used as reference values for
comparison purposes.

2.4. Pollution Quantification and Risk Assessment

To evaluate the soil pollution and associated health risk in the soil of the Makarwal
mining area, various ecological risk methods, namely, the ecological risk index (ERI),
contamination factor (CF), geoaccumulation index (Igeo), and pollution load index (PLI),
were used. These indices allow the assessment of pollution quantification by individual
elements and holistic soil quality [32-34].

2.4.1. Contamination Factor

The contamination factor is the ratio obtained between TTEs concentrations in con-
taminated and reference/background sites and is determined through Equation (1) [35,36].

Cn
Cf = o 1)

where C,, is the concentration of toxic trace metals in contaminated areas and Cj is the
concentration of toxic metals in background areas, as suggested by Hussain et al. [29].

2.4.2. Geoaccumulation Index

The geoaccumulation index (Igeo) is a geochemical parameter used to evaluate the level
of pollution in contaminated soil. The geoaccumulation index can be used as a reference to
estimate the extent of pollution and is determined through Equation (2).

Igeo = Loga (Cu/1.5 X By) @)

In Equation (2), C;; and B, are the concentrations of toxic trace elements in the con-
taminated and background areas, while 1.5 is a possible variation of TTEs in background
areas [29]. By assessing the Ige, values and soil quality, the degree of contamination was
categorized into seven groups [37] (Table 1).
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Table 1. Assessment of values, classes, and quality description of the geoaccumulation index.
Class Values Soil Quality
0 (Igeo < 0) Uncontaminated
1 0< Igeo < 1) Uncontaminated to moderately contaminated
2 (1 <Igeo <2) Moderately contaminated
3 (2 <Igeo <3) Moderately to heavily contaminated
4 (B <lIgeo < 4) Heavily contaminated
5 4< Igeo < 5) Heavily to extremely contaminated
6 (6> Igeo) Extremely contaminated

The highest class (i.e., class 6) reflects 100-fold enrichment relative to the background values.

2.4.3. Pollution Load Index

The pollution load index (PLI) is the integrated extent of contaminants in the target
compared to background areas and is determined through Equation (3) [36].

PLI = (CF, x CF, x CF3 x ...ca)% €)

By assessing the soil quality through PLI, concentrations higher than 1 indicate pollu-
tants in the target areas, while a PLI value less than 1 indicates no pollution in the target
area [38,39].

2.4.4. Ecological Risk Assessment

The potential ecological risk index (ERI) method was proposed by Hakanson [32] from

a sedimentological perspective to assess the characteristics and environmental behavior of

heavy metal contaminants in coastal sediments. The main functions of this index are to

indicate the contaminants where contamination studies should be prioritized. Ecological

risk index (ERI) is the critical measure of soil contamination and risk factor and is calculated
through Equation (4).

ERI=Tr xCF 4)

where T, is the toxic response factor. Toxic response values for some of the toxic and trace
elements are Cd = 30, Co=5,Cu=5,Ni=5,Pb=5,Cr=2, and Zn = 1, as suggested
by [32,40].

For the statistical analysis, dendrogram and PCA were determined through SPSS-20
IBM software, while for geospatial distribution, GIS software was used. However, for the
graphs, the Origin18 Microsoft version was used.

3. Results and Discussion
3.1. Distribution of Toxic Trace Elements

The concentration ranges of TTEs along with their arithmetic means and standard
deviations are presented in Figure 2.

In TTEs, the range of Pb was 6.85-70.55 (average 30.14 £ 13.17), Zn 16.09-94.15 (aver-
age 38.33 £ 16.68), Cr 4.4-44.15 (average 20.48 £ 9.00), Ni 15.3-65.15 (average 34.10 & 9.98),
and Cd 0.9-5.95 (average 3.38 &£ 1.5) in mg/kg. Among these tips, the concentrations of Pb,
Cr, and Cd were higher than those reported by Hussain et al. [18] and Bohn et al. [31], while
the concentrations of Ni, Cu, and Zn were higher than those reported by Hussain et al. [18]
and Simpson and Pearson [25,31] (Figure 2).

In addition, the average levels of most of the trace elements were found to be several
times higher than what the State Environmental Protection Administration of China had set
as a limit for cropland [41]. The mean concentration of Zn was lower than the background
value, which revealed that there were no anthropogenic sources for Zn in the Makarwal
coal mining area. The Zn abundance is mostly associated with sphalerite ore and organic
rocks [42]. This indicates that the Makarwal coal mine is deficient in sphalerite and organic
minerals. In the study area, the potential source of TTEs was mining smelters, including
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mining dumps, tailing dams, extraction dust, loading, and unloading. Similarly, TTEs can
be released to agricultural soils through dry deposition, air spreading, rain, local water,
leaching of mine dumps, and tailings dams. The mode of occurrence and distribution of
TTEs is commonly associated with geomorphological features, living biota, parental rocks
and minerals, and climatic variability [43].

B Soil samples
40.0 [ Bohn et al., 2001
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Figure 2. Comparison of mean values of trace element concentrations in the studied soil samples
with those of Bohn et al. [31].

The TTE concentration in the Makarwal coalmine-affected region was lower than the
global coal-affected regions. The lower concentration in Makarwal may have been due to
the young coal mining; however, over time, TTEs in Makarwal will be high enough, as
reported in various countries (Table 2). The Zn in Vietnam is commonly associated with
weathered geneses, carbonate terrigenous minerals, and hydrothermal materials [44], while
in Chinese coal, Zn is attributed to sphalerite ore and organic materials [42] (Table 2).

Table 2. Comparison of toxic trace elements (mg/kg) in coal waste contaminated elsewhere in
the world.

Countries Pb Zn Cr Ni Cu Cd

Present study (Pakistan) 30.15 38.33 20.48 34.10 6.24 3.38
China (72 examined mines) 641.3 1163 84.28 106.6 ND 11.00
Iran (3 examine mines) 1002 363.4 ND ND 88.4 1.49
Spain (16 examined mines) 881.3 465.8 63.2 28.35 120.8 6.59

South Korea (70 examined mines) 111.1 183.2 ND 22.00 79.00 1.99
Vietnam (5 examined mines) 30,635 41,094 1501 2254 271.40 135

India (21 examined mines) 304.7 338.8 1509 1069 63.49 3.82
Chinese Soil Standard 2 26 74 61 26.9 22.6 0.097
Upper continental Crust 17 71 83 44 25 0.10
Hussain and Luo [42] € 7.44 3056 194 83 27.6 0.63

a_CEPAC [41], P —McLennan [45], “—Hussain et al. [18].

The geospatial analysis showed that most of the movement and distribution of TTEs
in the Makarwal region were in the middle (Figure 3). However, the concentration of TTEs
in the soil affected by coal waste was higher than in the background area. Additionally,
the concentration of TTEs was also higher nearby the dumping region as well as on the
road at a distance from the coal mining vicinity (Figure 3). The concentration of lead was
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high far from the coalmine region, where the rocks mostly belong to Triassic Ceratite and
have lead-bearing minerals as compared to the coalmines [46] (Figure 3). Similarly, the
concentration of Cd was high in the Makarwal Plain areas, which are considered sinks.
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Figure 3. Distribution pattern of trace element concentrations (a) Pb, (b) Cd, (¢) Cu, (d) Cr, (e) Zn in
soil samples of the study area.

Moreover, Pearson correlation coefficients between the trace metals were found, which
suggests that these metals came from the same place (Table 3). Significant positive cor-
relations (p < 0.01) existed between Pb and Ni (r = 0.414), Zn and Cr (r = 0.564), Zn and
Ni (r = 0.448), Zn and Cu (r = 0.539), Cr and Ni (r = 0.743), Cr and Cu (r = 0.70), and Ni
and Cu (r = 0.853). However, relatively weak positive relationships with a significance of
p < 0.05 were found between Pb and Zn (r = 0.366) and Pb and Cr (r = 0.71). Interelemental
relationships could provide interesting information on the sources and pathways of the
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metals, i.e., correlations between Pb and Zn indicated the possibility of a common source
that was derived from waste minerals and tailings of lead and zinc ores [47].

Table 3. Pearson correlation analysis of trace elements in soil samples.

Elements Pb Zn Cr Ni Cu Cd
Pb 1.00
n 0.366 * 1.00
Cr 0.371* 0.564 ** 1.00
Ni 0.414 ** 0.448 ** 0.743 ** 1.00
Cu 0.387 ** 0.559 ** 0.701 ** 0.853 ** 1.00
Cd 0.042 —0.274 —0.127 0.222 0.121 1.00

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

However, to explore the mode of occurrence and elemental geochemistry (i.e., control-
ling elemental concentration), factor analysis (FA) and hierarchical cluster analysis (HCA)
were used. Factor analysis is used to infer the hypothetical source of trace metals (natural
or anthropogenic), their mode of occurrence, and controlling factors [48]. It was performed
by varimax rotation to minimize the number of variables with high loading on each com-
ponent and, therefore, facilitate the interpretation of FA results. This technique clusters
variables into groups such that variables belonging to one group are highly correlated with
one another. According to FA, two principal components were extracted cumulatively and
accounted for 53% and 21% of the total variance of the trace metal concentrations in F1 and
F2, respectively (Table 4).

Table 4. Results of principal component analysis of the soil samples of the Makarwal region.

TTEs F1 F2
Pb 0.587 0.040
Zn 0.722 —0.443
Cr 0.864 —0.131
Ni 0.892 0.288
Cu 0.900 0.158
Cd 0.011 0.954
Eigen 3.206 1.247
% variance 53.437 20.777
Cumulative 53.437 74.214

The total variance was explained by F1, with positive loadings of 0.722, 0.864, 0.892,
and 0.900 for Zn, Cr, and Ni, respectively, while F2 accounted for 20.78% of the total
variance, with a positive loading of 0.954 for Cd, which may be associated with carbonates
and sulfides (Table 3). The heavily loaded elements in F1 may be associated with the clay
minerals dolomite and calcite, which were also reported by Danilchik and Shah [46]. Hence,
the FA plays a significant role in explaining metal contamination and controlling factors
in the study area. Additionally, principal component coefficients greater than 0.70 are
considered highly significant [49].

The FA results were further supported by hierarchical analysis. The clusters can be
distinguished in the dendrogram-analyzed parameters with the average linkage method
and the squared Euclidean distance as a similarity measure (Figure 4). Factor 1 was loaded
with elements, namely, Cu and Cd, as the variability of these elements was controlled by
parent rocks. However, factor 2 consists of Pb, Ni, Zn, and Cr, which were identified as
contaminants derived from parent rock material characterized by sand and limestone. The
result of the present study is consistent with that of Danilchik and Shah [46]. The loaded
element’s contents in F2 were similar to cluster 2; i.e., Pb, Ni, Cr, and Zn, while cluster 1's
load was similar to F1 (Figure 4), which proved that the contamination in the surrounding
areas is associated with the parental rock of the Makarwal coalfield.
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Figure 4. Dendrogram obtained by hierarchical cluster analysis of trace elements in soil samples of
the study area.

3.2. Major Oxides Distribution

The concentrations of CaO in the soil samples of the study area were 0.69% to 23.29%.
This concentration is multifold higher than that of the normal soil (0.51%) of the USDA [50],
Chinese soil standard (CSS) of 1.54% [51], and the upper continental crust (UCC) of
3.0% [45], which is considered in Pakistan as the background value (Figure 5).
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Figure 5. (a) A comparison of major oxides with the normal soil concentration of USDA [50];
(b) potential ecological risk of trace elements in Makarwal soil; (c) contamination factor of Makarwal
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coal-mining-contaminated soil; (d) geoaccumulation index of Makarwal coal soil.
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The distribution map showed that CaO in the soil in the northern and southwestern
parts was comparatively more enriched as compared to the other areas (Figure 6). The high
concentration in northern and southern parts is attributed to the Paleocene coal-bearing
strata of the Makarwal coalfield. Calcium in the soil is normally contributed by calcite and
dolomite, which are the major constituents of limestone. However, the primary source
of Ca in the Earth’s crust is feldspar, while gypsum and limestone are the secondary

sources [52,53].
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Figure 6. Concentration distribution maps of the major oxides (a) CaO, (b) MgO, (c) Na,O, (d) MnO,
(e) K5O, (f) Fe; O3 in the soil samples of the study area.
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The concentration of MgO in the Makarwal region was 0.05-2.87% with an average
amount of 1.05%, which was comparably higher than the CSS of 0.78% [51] (Figure 5). The
MgO concentration in the studied soils also exceeds that of normal soils, i.e., 0.71% [50]
(Figure 5a). The concentration distribution of MgO in the study area showed that the soil in
the northeastern part of the study area was more enriched as compared to the other areas
(Figure 6b). The increase in MgO concentration in the soils is normally attributed to the
weathering of dolomites and ultramafic rocks in the adjacent areas [31].

The concentration of NayO in soil samples from the study area ranged from 0.02 to
1.47%, which was higher than that of normal US soil [50] (Figure 5a). A concentration
distribution map of NayO shows that the soils of the central parts of the study area are
relatively enriched in NayO as compared to the boundary areas of the Makarwal coalfield
(Figure 6¢). Sodium normally contributes to the soils due to the weathering of igneous and
sedimentary rocks in the adjacent areas [54]. The high concentration in the center is due to
the mobility of contamination to the central part and accumulation in that environment.

Similarly, the concentration of MnO in the soil samples of the study area was negligible,
i.e., 0.00% to 0.08%, which was similar to that of the normal soil [31], i.e., 0.030%. The
distribution of MnO in the soils of the study area shows that MnO is relatively high in
the northeastern parts of the study area, which is possibly associated with the weathering
of mineralized rocks (Figure 6d). Manganese is a common trace element that generally
contributes to the soils by the weathering of adjacent mafic rocks [55].

The K5O contents in the soil samples of the study area were 1.1 to 3.4%. This indicates
that the studied soils have a greater concentration of K,O as compared to the normal soils
of the USDA [50], i.e., 0.81%. A concentration distribution map shows that the soils of the
western parts are relatively enriched in K,O (Figure 6e). Potassium generally contributes
to the soils due to the weathering of the minerals such as feldspar, illite, and mica, which
are abundantly present in the adjacent rocks [52,53].

The concentrations of Fe;O3 were 0.06-14.53%, with an average of 6.25% (Figure 5a).
The studied soils have a lower average concentration of Fe,O3 as compared to the normal
soils of the USDA [50] (10.11%); however, the concentration distribution map indicates that
the soils of the northeastern and southwestern parts of the study area have a relatively
higher amount of Fe,O3 (Figure 6f). This high concentration of Fe;Oj is attributed to the
mineralized rock strata. The concentration of Fe,O3 in the Makarwal regions was also
higher than that of Hussain et al. [18], i.e., 3.06%, CSS (2.94%) [51], and UCC (3.5%) [45].

3.3. Assessment of Potential Ecological Risk Index for Soil

The ecological risk index (ERI) is widely used to evaluate the potential ecologi-
cal risk caused by pollutants, such as trace metals, and their impacts on the ecological
system [18,27,56], but one problem with this method is that it is very subjective and does
not take into account how different trace metals interact with each other [57]. The ERI
assessment considers the toxicity effect of an element alongside the measured concentration
of soil in comparison with the reference value of the element in the Earth’s crust. The ERI
results of the trace elements were plotted in Figure 5b. The single trace element contam-
ination index highlights that Cd, Pb, Ni, and Cr pose a high risk to human health and
the ecosystem. The distribution pattern of Pb shows that it was generally found in all the
sampled areas, and its potential ecological risk indices are the same as those of the general
potential ecological risk for all trace metals (Figure 5b). The potential ecological risk indices
for TTEs decrease in the following sequence: Cr > Ni > Pb > Cd > Cu > Zn. The sources of
trace metal pollution in the soil samples were influenced by many factors, including natural
and anthropogenic ones, as also reported by Hussain et al. [18] and Chifflet et al. [58].
Natural factors can be, for example, the weathering processes of rocks and minerals [59-61],
while in many cases, the anthropogenic factors can include several activities, such as urban,
agricultural, industrial, mining, or transportation [2,9,11,61-65].

The indices, such as the contamination factor (CF), were implemented to gauge the
level of trace metal pollution in the rural environment of mining areas in Makarwal. Among
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all the trace metals, Ni has the highest CF value (1.54) followed by Pb (1.14), which could be
considered as moderate to high contamination (1 < CF < 3) in the area (Figure 5c). However,
Zn, Cr, and Cu exhibit low to moderate contamination (Figure 5c). The combined pollution
load index was extracted from the contamination factor, which exhibits a decreasing trend
for trace elements as follows: Ni > Pb > Zn > Cr > Cu (Figure 5c).

Figure 5d shows a graph of the geoaccumulation indices (Igeo) for toxic trace metals in
soil samples from the Makarwal coal mine area. It is clear from the figure that the mean
Igeo trend for toxic trace metals follows a decreasing order, i.e., Pb > Zn > Ni > Cu > Cr
(Figure 5d). This elemental concentration in the studied soil sample suggests that the soils
of the area may be moderately to severely polluted by Pb, Zn, and Ni and moderately
polluted by Cr and Cu (Figure 5d).

4. Conclusions

The present study determined that the contamination in the soil of the Makarwal
region was high and was attributed to coal-mining-associated minerals. In the Makarwal
region, the soil has a high concentration of toxic race elements, namely, Ni, Pb, Cd, Cr, and
Cu, compared to the recommended guideline values of CSS, UCC, and USDA. These trace
elements, based on highest to lowest mean concentration, were Ni > Pb > Cd > Cu > Cr > Zn.
The factor analysis (FA) indicates that two components were obtained, showing 70.38%
and 74.21% of total variability for coal and soil, respectively. The potential ecological risk
of toxic trace metals was Pb > Cr > Ni > Cd > Cu > Zn. The F2 consists of Pb, Ni, Zn, and
Cr, which were identified as contaminants derived from parent rock material characterized
by sand and limestone, while the variability of the F1 elements, namely, Cu and Cd, is
controlled by the parent rocks. The geospatial distribution revealed that the concentration
of TTEs was higher in the center while reducing the far-off distance from the center of the
study areas. The high concentration in the northern and southern parts is attributed to
the Paleocene coal-bearing strata of the Makarwal coalfield. Ca, Mg, and TTEs in the soil
are normally contributed by coal, particularly calcite and dolomite strata, which are the
major constituents of limestone. Not only do coal mines contaminate the surrounding soil,
but existing geological strata’s weathering, erosion of host rocks (limestone, dolomite, and
shale), and surface runoff also disrupt the Makarwal soil, which may affect food crops and
humans. This study recommends applying sustainable coal mining techniques, which will
be helpful to limit soil contamination and health risk.
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