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Abstract: Background: Anthropogenic activities have clearly affected the environment, with irre-
versible and destructive consequences. Mining activities have a significant negative impact, primarily
on soil, and then on human health. The negative impact of the first mining activities is represented
even today in the soils of those localities. Research shows that, for different types of mines, the
concentrations of potentially toxic elements (PTEs) are high, especially in antimony, multi-metal and
lead–zinc mines, which have adverse effects on the environment and then on human health and the
economy. A large flood in 2014 in Western Serbia resulted in the breaking of the dam of the processed
antimony ore dump of the former antimony mine, causing toxic tailings to spill and pollute the
downstream area. Due to this accident, tailings material flooded the area downstream of the dump,
and severely affected the local agriculture and population. Methods: Potentially toxic elements
content, pollution indices and health indices were determined in soil samples from the flooded area,
using referenced methodologies. The sources and routes of pollutants and risks were determined
and quantified using statistical principal component analysis, positive matrix factorisation, and
a Monte Carlo simulation. Results: The main source of As, Cd, Hg, Pb, Sb and Zn in the upper part
of the study area was the tailing material. Based on the pollution indices, about 72% of the studied
samples show a high risk of contamination and are mainly distributed immediately downstream of
the tailings dump that was spilled due to heavy rainfall. Conclusions: Although the content of the
PTEs is high, there is no non-carcinogenic risk for any PTEs except As, for which a threshold risk was
determined. There is no carcinogenic risk in the study area.

Keywords: health index; non-carcinogenic risk; flooded area; pollution indices; tailing outflow;
Monte Carlo simulation; positive matrix factorisation

1. Introduction

Over the last two centuries, anthropogenic activities have transformed the environ-
ment, exerting numerous pressures with sometimes irreversible processes and destructive
effects on individual components of the ecosystem. Although these processes of degrada-
tion started a long time ago, scientists and global politicians are now more aware of the
importance of these problems. Numerous studies regarding soil, water and air quality
have been performed worldwide, primarily with the aim of assessing the real situation
as well as raising public awareness in order for them to accept the need to take concrete
measures for the preservation of the environment (adopted agreements, declarations and
programmes). In order to preserve the environment and perform appropriate measures,
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it is of particular importance to assess the risk of soil contamination [1]. Assessment of
risks to environmental components, primarily to the soil, and the impact on health is a
complex process that defines the sources and routes of pollution and quantifies the risks of
these phenomena. The sources of contamination could be very different, from natural to
anthropogenic, among which mining activities have a significantly negative impact [2,3].
The negative impact of the first mining activities is represented even today in the soils of
those localities [4]. In China, it is estimated that 1.5 million ha are polluted due to mining
and related industries [3]. The same authors state that the concentrations of potentially
toxic elements (PTEs) in soil covered with the tailings are significantly higher than the
maximum allowed, so about 50% of these soils are marked as having a potential ecological
risk. Some mining areas have been assessed as a potential risk to human health. In Europe,
supplies of Sb are in France, Germany, Sweden, Finland, Slovakia and Greece [5], while
in Western Serbia, the Sb mine was closed in the 1980s [6]. Mine activities are accompa-
nied by increased concentrations of PTEs, and non-ferrous metal smelting [7], as well as
pyrometallurgical production [8], and thus represent a significant source of Cu, Zn, Cd, Pb,
Cr, Hg, As and Sb in the environment. Based on research on different types of mines, it was
determined that the concentrations of elements are the highest from antimony, multi-metal
and lead–zinc mines [3]. From the processes of smelters, and accompanying mining activi-
ties, PTEs can reach different components of the ecosystem through air pollution, while
smelting slags and dumped waste over time, together with the influence of erosion, can
have a harmful effect on the environment [7]. The origin and sources of PTEs in the soil
that arrived through wet and dry deposition are also considered in relation to the specific
conditions of the locality, the distance from the pollution source and, as an example, [9]
state that the Ni and Cu content in soil decreases exponentially with increasing distance
from the sources of pollution. In addition, floods are generally recognised as a diffuse form
of PTE pollution [10,11].

Accidental situations, caused by a variety of anthropogenic influences, from inade-
quate management of facilities to climate change and floods caused by storm precipita-
tion [12,13], have a special impact on the environment. In May 2014, large floods occurred
in the territory of the Republic of Serbia due to heavy rainfall, at levels unprecedented in
the last 120 years in the Balkan region [13]. As a result of these floods the tailings of the
former Stolica mine, more than 100,000 m3, were spilt [14].

Environmental risk is defined as the probability of an adverse ecological effect that may
occur due to exposure to one or more stressors of different origins [15] and is characterised
as either a risk to human health or ecological or both [16]. Within the health risk assessment,
some of the exposure parameters (e.g., body weight, intake, or dermal area) could vary,
which could lead to uncertainty in the health risk assessment. There are numerous indices
that can be taken into consideration, such as potential environmental risk (RI), pollution
index (PLI) and others [4,9,13,17–27]. For health risk, estimates of the carcinogenic (TCR)
and non-carcinogenic effect (HI) of exposure to PTEs are performed worldwide [3,16,28–35].
The calculation of various ecological risk indices and health risk indices as well as their
spatial distribution, represented with modern tools and computer simulations, are used as
indicators of environmental threats [23].

Floodplain soils are known for their fertility, making them ideal for agriculture. How-
ever, if these soils contain high levels of potentially toxic elements, they can pose a sig-
nificant health risk [36]. PTEs can be transported over long distances in rivers with high
discharge flow, frequent flooding and relatively flat surrounding terrain [37]. If there is
a source of pollution near the river, such as a tailings dump, it can pose a special threat
to the environment [38,39]. When a flood occurs, the tailings can be washed into nearby
rivers and streams, potentially contaminating the water supply and increasing the risk of
exposure to PTEs for nearby communities. In order to properly assess the human health
risks, it is important to consider the potential exposure pathways for PTEs. This can include
conducting environment and health risk assessments [23,31–33].
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In the study area, previous research regarding the content of PTEs (Pb, Cd, Zn, Cu,
Ni, Cr and Mn) accumulated in agricultural soils by deposition from the air and due to the
spillage of tailings containing these harmful elements had been carried out [40]. Addition-
ally, the PTEs availability (Pb, Cd, Zn, Cu content in 1 M ammonium acetate) for plants was
analysed [41]. The research also covered the microbiological properties of the soil (number
of total microflorae, fungi, actinomycetes and bacteria from the genus Azotobacter) [40]. In
this study, the general goal is to provide information primarily about the content of Sb and
As in the surface layer of the flooded soil for regional environmental management, but
also to expand the understanding of the process of migration and accumulation of all PTEs
in the soils of river basins in mining areas, especially when floods occur, and cause the
accidents such as tailing spills.

The aim of this study is: (1) to estimate the potential environmental risk due to
increased concentrations of PTEs in the soil, (2) to assess the influence of spilling tailings
from the flotation of the former antimony mine on the PTEs pathways after the flood,
(3) to determine the origin of PTEs in flooded soil and show their spatial distribution and,
(4) to assess the carcinogenic and non-carcinogenic effect on human health, with included
uncertainty analysis.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1) is a flooded area from the flotation tailings of the former
antimony mine located in Western Serbia, in the town of Kostajnik, along the Kostajnica
river and part of the alluvial plain of the Jadar river, 44◦23.830′ and 44◦38.100′ N and
19◦15.350′ and 19◦23.750′ E. The Jadar river basin has been the potential location for the
opening of a new mine for lithium extraction for the past 20 years after the discovery of
“jadarite” [42]. Although the antimony mine has been closed for more than three decades,
it was active since 1882 and closed in 1987 [6], its impact is visible both due to the increased
content of PTEs from mining and smelting, as well as from additional problems caused
by the flood and spillage of tailings material in 2014. On that occasion, the tailings slurry
contaminated a 27 km length of riverbeds and 360 hectares of agricultural land [14].

In this paper, alluvial flooded soils were considered, which were covered with a
sedimentary deposit of flotation tailings due to the flood wave, in a layer of 5–10 cm, with
a width of between 50–75 m of the left and right riverbank, and in some sections up to
100 m [6,40]. A total of 33 samples were taken from the flooded area in June 2018. Flooded
alluvial soils are characterised by a high content of sand fraction, and texturally they belong
to classes from loamy sand to silty clay loam [40]. The same authors state that flooded
soils are low in organic matter, while the pH value is determined by the content of calcium
carbonate (7.32–8.12 pH units and belong to the classes of weakly alkaline and moderately
alkaline soils).



Land 2023, 12, 421 4 of 18Land 2023, 12, x FOR PEER REVIEW 4 of 19 
 

 
Figure 1. Study area. 

In this paper, alluvial flooded soils were considered, which were covered with a sed-
imentary deposit of flotation tailings due to the flood wave, in a layer of 5–10 cm, with a 
width of between 50–75 m of the left and right riverbank, and in some sections up to 100 
m [6,40]. A total of 33 samples were taken from the flooded area in June 2018. Flooded 
alluvial soils are characterised by a high content of sand fraction, and texturally they be-
long to classes from loamy sand to silty clay loam [40]. The same authors state that flooded 
soils are low in organic matter, while the pH value is determined by the content of calcium 
carbonate (7.32–8.12 pH units and belong to the classes of weakly alkaline and moderately 
alkaline soils). 

2.2. Soil Analysis 
Surface soil layers were sampled in a layer up to 10 cm, for analyses of physical and 

chemical properties, and content of PTEs (Sb, As, Hg, Pb, Zn, Cd, Cu, Ni and Cr). The 
granulometric composition was determined by treating the samples with sodium pyro-
phosphate. Soil fractionation was performed by combining the pipette method and the 
elutriation method using an Atterberg sieve, with a determination of the percentage con-
tent of sand (2–0.06), silt (0.06–0.002) and clay (<0.002 mm) fractions [43]. The determina-
tion of organic carbon (OC) by oxidation was carried out using a potassium dichro-
mate/sulfuric acid mixture (SRPS ISO 14235:2005), which is used to calculate organic mat-
ter (OM = 1.72 ∗ OC). 

To determine the content of PTEs, the analysis was performed according to the stand-
ard procedure (ISO 11466:1995 Soil quality, 1995). Soil samples were digested with aqua 
regia under reflux for 2 h with water-cooled condensers to determine the content of trace 

Figure 1. Study area.

2.2. Soil Analysis

Surface soil layers were sampled in a layer up to 10 cm, for analyses of physical and
chemical properties, and content of PTEs (Sb, As, Hg, Pb, Zn, Cd, Cu, Ni and Cr). The granu-
lometric composition was determined by treating the samples with sodium pyrophosphate.
Soil fractionation was performed by combining the pipette method and the elutriation method
using an Atterberg sieve, with a determination of the percentage content of sand (2–0.06), silt
(0.06–0.002) and clay (<0.002 mm) fractions [43]. The determination of organic carbon (OC)
by oxidation was carried out using a potassium dichromate/sulfuric acid mixture (SRPS ISO
14235:2005), which is used to calculate organic matter (OM = 1.72 ∗ OC).

To determine the content of PTEs, the analysis was performed according to the stan-
dard procedure (ISO 11466:1995 Soil quality, 1995). Soil samples were digested with aqua
regia under reflux for 2 h with water-cooled condensers to determine the content of trace
elements (ISO 11466:1995 Soil quality, 1995). Before the determination of the samples,
three blank samples were prepared, which allowed for the correction of the results where
necessary. The content of PTEs (Pb, Cu, Zn, Cd, Ni, Cr and Mn) was determined using the
AAS method, employing the flame technique, the content of Hg was determined using the
hydride technique, while As and Sb were determined with ICP spectroscopy. All analyses
were performed in two repetitions, and measurements were performed for the follow-
ing levels of detection by element: Zn—0.02349; Cu—0.10840; Pb—0.03244; Cr—0.13715;
Cd—0.0166; Ni—0.01660; Mn—0.07508; Hg—0.002266; Sb—0.15; As—0.10 mg kg−1. Qual-
ity control (QC) was performed using certified reference materials (CRM): ERM-CC-141
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sample no. 0395 (loam soil) Belgium, with an exact concentration of microelements soluble
in aqua regia to provide for increased accuracy of the measuring apparatus.

2.3. Pollution Indices

The content of PTEs in the soil was compared with the corrected maximum permissible
and remediation values, calculated based on clay and organic matter content, according to
the Decree [44].

The maximum permissible values and remediation values for PTEs are given in
Table 1, according to the regulation on the limit values of pollutant, harmful and dangerous
substances in the soil of the Republic of Serbia [44]. The measured PTE concentrations were
compared to corrected maximum permissible and remediation values.

Table 1. Maximum permissible and remediation values for PTEs [44].

PTE Maximum Permissible Value (SWsb)
mg kg−1

Remediation Value (IWsb)
mg kg−1

Cd 0.8 12
Cr 100 380
Cu 36 190
Ni 35 210
Pb 85 530
Zn 140 720
Hg 0.3 10
As 29 55
Sb 3 15

The maximum permissible values and remediation values for PTEs, with the exception
of antimony, depend on the content of clay and organic matter in the soil. When determining
the type and properties of the soil, the values from Table 1 are corrected to the values
applicable to the actual soil, based on the measured content of organic matter and clay
content. For PTEs, the following correction formula is used, depending on the soil type,
based on which the correction is performed [44]:

SWb, IWb = SWsb, IWsb× A + B×% clay + (C×% OM)

A + B× 25 + C× 10

where SWb, IWb are the corrected maximum permissible and remediation values for a
specific soil; SWsb, IWsb are the maximum permissible and remediation values from
Table 1; % clay—the content of clay in a specific soil (<2 µm); % OM—the content of organic
matter in a specific soil; A, B, C—const. depends on the element (Table S1).

Pollution load index (PLI) is one of the complex indices. It is a simple way to
point out the deterioration of soil conditions due to the accumulation of PTEs in the
soil [9,18,21,25,26,45]. It is calculated as the geometric mean of single contamination factors
for each PTE, according to the following formula [18]:

PLI = n
√

PI1 × PI2 × PI3 × . . .× PIn

where PI—single contamination factor, n—total number of PTEs that is analysed.
PI is calculated according to the following formula:

PI =
Cn

GB

where Cn is PTE concentration in soil, and GB is background concentration of specific PTE.
The Jadar river watershed (959 km2), to which our study area belongs, was used for

GB calculations. GB values are calculated according to the formula, based on the measured
concentrations of PTEs in the soil profiles from the monitoring network 3 × 3 km [46]. Only
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GB for Sb is adopted from the literature [47,48]. Background concentration is calculated
according to the following formula [49]:

GB = MEDIAN + 2×MAD

where MEDIAN is the median of the PTE concentration in the soil, and MAD is the median
absolute deviations. According to the pollution level, soils are classified into polluted soil
(PLI > 1) or unpolluted (PLI < 1).

Potential ecological risk index (RI) is the complex index used to assess the degree of
environmental risk that may be caused by high concentrations of PTEs in water, air or soil.
This index was introduced by [19] and is calculated according to the following formula:

RI =
n

∑
i=1

Ei
r

where n—total number of PTEs that are analysed, Er—individual environmental risk index
calculated according to the formula:

Ei
r = Ti

r × PI

where Tr—toxicity coefficient for specific PTE, and PI—calculated individual pollution factor.
The values of the toxicity coefficients were taken from the literature, and for the following
elements are: Zn—1, Cu—5, Pb—5, Ni—5, Cr—2, Cd—30, As—10, Sb—15, Hg—40 [19].
The potential ecological risk index (RI) is defined in 4 classes according to [19]: RI < 150
low environmental risk; 150 ≤ RI < 300 moderate environmental risk; 300 ≤ RI < 600
considerable environmental risk and RI ≥ 600 very high environmental risk.

2.4. Health Index/Health Risk Models

The assessment of the total non-carcinogenic risk (hazard index—HI) for three types
of exposure (HQing—hazard coefficient by ingestion; HQder—hazard coefficient by dermal
contact; HQinh—hazard coefficient by inhalation) is calculated according to the following
formula, using the Monte Carlo simulation:

HI = HQing + HQder + HQinh

HQing = C×IRSa×RBA×EFa×EDa
BWa×ATa×R f Do × 10−6

HQder = C×SAa×AFa×ABSd×EFa×EDa
BWa∗ATa∗R f Do∗GIABS × 10−6

HQinh = C×EFa×EDa
ATa×R f C×PEF

where C—the determined concentration of a certain PTE in the soil (mg kg−1), and the
other parameters are given in the supplementary tables (Tables S2 and S3). Negative health
effects can be expected when HI values are greater than 1 [28,32].

The estimate for total carcinogenic risk (TCR) for adults is calculated based on the
formula [32], using the Monte Carlo simulation:

TCR = CRing + CRder + CRinh
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where:
CRing = C×IFS×RBA×CSFo

ATa × 10−6

IFS = EFa×EDa×IRSa
BWa

CRder = C×DFS×ABSd×CSFo
ATa×GIABS × 10−6

DFS = EFa×EDa×SAa×AFa
BWa

CRinh = C×EFa×EDa×IUR×1000
ATa×PEF

where the RBA, relative bioavailability factor, for As—0.6, for other PTEs—1,
CRing—represents the value of carcinogenic risk by ingestion, CRder—represents the value
of carcinogenic risk by skin contact, and CRinh—represents the value of carcinogenic risk
by inhalation. Other parameters are shown in the supplementary tables (Tables S2 and S3).

TCR values greater than 10−4 are unacceptable, while those in the range of 10−4 to 10−6

are acceptable [50,51].

2.5. Statistical Analysis, MC, PCA and PMF Analysis and Geospatial Analysis’s

Descriptive statistics were obtained using SPSS 2007. For each parameter from the risk
indices equations (HI and TCR), the corresponding probability distribution was determined
(Table S3). Subsequently, a random value of each parameter was picked up from each
distribution and, further, the risk indices (HI and TCR) were repeatedly calculated over
10,000 repetitions. The output results are represented through a probability distribution
histogram and associated basic statistical indicators. Additionally, the sensitive analysis
was performed to rank the assumptions of each parameter, from the most important down
to the least important in the model. The sensitivity analysis is represented using a tornado
diagram. The Monte Carlo simulation was performed using Oracle Crystal Ball (version
11.1.4323.0) loaded in Microsoft Excel, to obtain stable risk outputs and a sensitivity index.

A principal component analysis (PCA) with Varimax rotation (SPSS 2007) was used
to determine the origin of the analysed PTEs in the soil. The Kaiser–Meyer–Olkin (KMO)
measure of sampling adequacy and Bartlett’s test for sphericity were used to determine
the factorability.

In addition to the PCA, a positive matrix factorisation (PMF) was applied to define
the source of the PTEs, using EPA PMF Version 5.0.14.21735 software [52,53]. The data
were previously observed, and the outliers were removed based on interquartile ranges
and histograms [54,55]. The estimation of the uncertainty of the measured concentrations
(uij) is an important step in the preparation of input data and is defined thus:

uij = 1.05×
(

uij,an +
2
3

LDij

)
,

Except in cases where cij ≤ LDij (cij—concentration of j-element in ith sample;
LDij—limit detection).

cij =
1
2

LDij, uij
5
6

LDij

Details on used parameters in positive matrix factoring are given in supplem-
entary Table (File S1).

A geospatial representation of the PTEs and pollution indices was obtained using
ArcMAP (v.10.8.2). The geospatial distribution of the PLI and RI was shown on the point
level for each sampling site.

3. Results
3.1. Content of PTEs and Pollution Indexes

Descriptive statistics of PTEs in the topsoil layer of the flooded area are shown in
Table 2. The arithmetic mean of PTEs varies depending on the element, but a wide range
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with high CV values and large standard deviations is characteristic for Zn, Pb, Cd, As, Sb
and Hg in the studied flooded soils.

Table 2. Summary statistics for PTEs concentration in flooded topsoil.

Elements
(mg kg−1) Min Max Median Mean St. Dev. Coef. of Var. (%)

Cd 0.10 11.26 1.77 3.14 3.60 113
Cr 7.92 46.58 15.33 17.67 9.72 54
Cu 11.40 36.44 17.91 18.40 5.49 29
Ni 11.98 60.26 17.26 20.09 9.15 45
Pb 15.26 468.29 102.12 147.12 124.91 83
Zn 50.33 1999.87 289.67 516.11 585.12 111

Hg (µg kg−1) 10.83 7932.09 517.74 1944.86 2803.90 142
As 0.00 4936.16 622.98 1210.22 1491.45 118
Sb 0.00 1467.77 282.79 392.67 422.25 106
Mn 145.98 1265.73 949.58 920.45 145.9 16

The measured content of Zn, Pb, Cd, As and Sb is higher than the corrected remediation
value in the upper part of the river course, below the tailings dump. In the middle part
of the river and downstream in the river, the content of Zn, Pb and Cd is higher than the
corrected maximum permissible values. The content of As is higher than the corrected
remediation value in the whole study area, but the content of Sb in three cases in the lower
part of the river is below the detection limit.

On the other hand, the measured values in the surface soil layers for Cu, Ni and Cr
are, in most cases, lower than the maximum permissible values. In some soil samples in
the upper part of the river and below the tailings dump, the content of Cu and Ni is higher
than the maximum permissible values. The measured values in the surface soil layers for
Cr are lower than the maximum permissible values, while the average values of Mn are
slightly higher than the average content in the soils of the world (950 mg·kg−1) [56].

According to the pollution level, soils are classified into polluted (PLI > 1) or unpol-
luted soils (PLI < 1), which is shown in Table 3. The pollution degree according to average
values of PI for individual PTE is shown in Table S4. More than two-thirds of samples show
that the soil is polluted. Very high pollution, as indicated by PI values, is influenced by
the high content of Hg, As and Sb in the topsoil. High pollution is influenced by Cd and
Zn, while Pb content causes moderate pollution. The average PI values for Cr, Cu and Ni
show no degree of pollution (Table S4). Figure 2 shows the box plot and distribution of PLI
values. Figure 3 shows the spatial distribution of the PLI index in the study area along the
flooded zone of the Korenita and Jadar rivers, where the pollution load is present in the
upper part of the river course, closer to the tailings dump.

Table 3. Pollution load index in the study area.

PLI Category Contamination Total Samples (%)

PLI < 1 Unpolluted soil 27.3
PLI > 1 Polluted soil 72.7

Figure 4 (boxplot) shows the distribution of the potential environmental risk index,
while Table 4 shows the percentage of each category, based on the level of risk of contam-
ination. This index is in accordance with the PLI index, indicating pollution risk in the
upper part of the river (Figures 3 and 4) and showing that more than two-thirds of samples
are in the category of very high or extremely high contamination risk. According to the
average values of the individual ecological risk index (Table S5), a very high ecological risk
is defined for As and Sb, a high risk for Hg and considerable ecological risk for Cd. On the
other hand, the Er index shows that there is a low potential ecological risk for Cr, Cu, Ni,
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Pb and Zn. Figure 5 shows a similar spatial distribution of risk contamination as for the
PLI index, i.e., great contamination risk in the upper part of the Korenita river.
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3.2. Factors Influencing PTEs and Their Spatial Distribution

Based on the PCA analysis for the total content of PTEs, two dominant components
are singled out, which explains 89.02% of the total variance. The first component, with
a contribution of 65.38%, represents the influence of tailings material due to the flood
wave and includes Zn, Pb, Cd, As, Sb and Hg (Table S6). The second component, with a
contribution of 23.64% of the total variance, represents the geological influence and includes
Cu, Ni and Mn (Table S6, Figures 6 and 7). To define the geographical position on the
influence of certain factors, the studied watercourse is divided into three units: unit I—the
upper part of the river course—points 1–7; unit II—points 8–21; and unit III—points 22–33
(Figure 8). The “tailings deposit” component has the greatest influence on the upper part
of the studied watercourse (unit I), while the “geological substrate” component has the
greatest influence on unit III of the river course, i.e., on the alluvium of the Jadar river
(Figures 6 and 7; Table S6).
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On the other hand, analysing the results of PTEs in the studied soils using the PMF
model, with the aim of finding the best solution in terms of stability, performance and
accuracy, three factors were chosen as a preliminary solution. Factor 1, with a contribution
to the total variance of 28.08%, represents the influence of mining tailings and geological
substrate. Pb and Sb have the greatest influence on Factor 1, with 37.8 and 35.5%, respec-
tively, while the other studied elements show a slightly smaller influence of around 26%,
but without Mn and Cu (Table 5).

Table 5. PTEs contribution in the factors, based on PMF.

Elements Factor 1 Factor 2 Factor 3

Cd 28.8 5.8 65.3
Cr 11.8 88.2 <0.05
Cu 26.2 59.8 14.0
Ni 21.6 74.9 3.6
Pb 37.8 14.6 47.6
Zn 26.6 11.0 62.3
Hg 8.7 6.1 85.2
As 27.8 6.4 65.8
Sb 35.5 2.8 61.7
Mn 26.5 59.9 13.6

Contribution in total variance (%) 28.08 23.32 47.66

The spatial distribution of Factor 1 is generally uniform throughout the entire course,
except for a sharp decrease in the part immediately connected to the mouth of the river
(Figure 8). Factor 2, with a contribution of 23.32% to the total variance, represents the
influence of the geological substrate. A clear geological origin is expressed by the influence
of Cr, Ni, Mn and Cu, which amounts to 88.2, 74.9, 59.9 and 59.8%, respectively (Table 5).
The influence of this factor increases in the middle course of the river, while it is most
pronounced at the river mouth itself (Figure 8). Factor 3 has the largest contribution
(47.66%) to the total variance of tailings material, where the highest percentage of influence
in this factor is Hg, with 85.2%, followed by As, Cd, Zn and Sb with over 60% each. Given
that this factor is characterised by tailings material, the greatest impact is in the upper
course of the river, while it decreases in the middle and lower course (Figure 8).

3.3. Human Health Influence Assessment

Summary statistics of estimated non-carcinogenic (HI) risk from PTEs in soils are
presented in Table 6.
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Table 6. Summary statistics of estimated non-carcinogenic (HI) risk from PTEs in soils using Monte
Carlo simulations.

HI Min Max St. Dev. Mean Median Coef. of. Var. (%)

Cd 3.62 × 10−6 0.152 4.35 × 10−3 9.97 × 10−4 1.68 × 10−4 436
Cr 6.83 × 10−5 1.33 × 10−2 1.80 × 10−3 2.61 × 10−3 2.18 × 10−3 68.97
Cu 7.88 × 10−6 4.11 × 10−4 4.88 × 10−5 9.79 × 10−5 9.01 × 10−5 49.86
Ni 3.48 × 10−5 3.54 × 10−3 2.51 × 10−4 4.12 × 10−4 3.51 × 10−4 60.85
Pb 0.004 19 0.419 0.21 0.105 199
Zn 5.29 × 10−6 0.053 1.13 × 10−3 3.63 × 10−4 1.18 × 10−4 310
Hg 2.54 × 10−6 0.521 1.07 × 10−2 2.55 × 10−3 3.82 × 10−4 420
As 3.54 × 10−3 566 8.09 0.993 0.117 815
Sb −0.309 1.54 0.185 0.152 0.108 122

Based on the mean value of lower than 1, the non-carcinogenic hazard (HI) does not
exist for any of the elements. However, the mean HI value calculated for As is the limit
value (0.99), and the non-carcinogenic hazard is especially high for As, Pb and Sb when the
maximum calculated values of the HI index are analysed (Table 6). Based on the sensitivity
analysis, the effects of certain parameters on the non-carcinogenic risk for As, Pb and
Sb were determined (Figure 9), where the risk is most affected by element concentration
(83.7–92%), followed by exposure (ED) 4.8–9.9%.
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The summary statistics of the Monte Carlo simulations of carcinogenic (TCR) risk from
PTEs in soils are shown in Table 7. The assessment was performed for PTEs for which all
parameters were defined according to [28–30].

Table 7. Summary statistics of Monte Carlo simulations of carcinogenic (TCR) risk from PTEs in soils.

TCR Min Max St. Dev. Mean Median Coef. of. Var (%)

Cd 1.10 × 10−9 5.14 × 10−5 1.47 × 10−6 3.37 × 10−7 5.65 × 10−8 438
Cr 1.27 × 10−7 1.40 × 10−5 1.99 × 10−6 3.01 × 10−6 2.55 × 10−6 66.14
Ni 7.20 × 10−7 7.40 × 10−5 5.68 × 10−6 9.17 × 10−6 7.84 × 10−6 61.88
Pb 4.70 × 10−9 2.23 × 10−5 4.91 × 10−7 2.46 × 10−7 1.23 × 10−7 199
As 1.54 × 10−6 4.07 × 10−1 4.90 × 10−3 4.84 × 10−4 5.40 × 10−5 1012

Based on the mean value, a carcinogenic hazard does not exist for the studied PTEs
from the soil. The mean total carcinogenic risk (TCR) values for Pb, Ni, Cr, Cd and As
were in the “acceptable” range, but the maximal total carcinogenic risk (TCR) value for As
(4.07 × 10−1) is in the unacceptable range.

4. Discussion

The total content of Sb, Hg, Pb, Cd and Zn (Table 2), as well as the values of the
pollution index (Figures 3 and 5) decrease with distance from the tailings dump, which
was also determined by other authors, and the maximum concentrations were measured
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in the samples closest to the mine area [35,40,41]. According to the PCA analysis and the
values of the rotated component matrix (Table S6), it is clearly indicated that the topsoil is
loaded with Zn, Pb, Cd, As, Sb and Hg content, as a result of mining activities and related
industries (smelters) in the studied area, tailings spillage due to heavy rainfall and flooding
of the soil along the river.

The risk of contamination is extremely pronounced in more than 69% of the flooded
soil samples, as assessed by the PLI (Table 3) and the RI (Table 4). The origin of PTEs (Sb,
As, Hg and partly Cd, Pb and Zn) from tailings material affected the risk of contamination
below the tailings dump in the upper part of a river course. These results were expected
because the analysed topsoil layers were burdened by tailings material deposition, which
was also determined in earlier research in relation to the enrichment factor as well as RI [36].

In order to understand the process of migration and accumulation of all PTEs in the
soil after flooding in the study area, PCA analysis and a PMF model were applied. The
influence of mining activities is clearly visible based on the results of the PMF analysis in
the central part of the river course (samples 8–21, Figure 8), and the same was confirmed
by the PCA analysis (Table S6) and defined by Component 1 (which represents the tailings
material in the flood wave). However, the PCA analysis did not include the central part of
the river, due to the strong signal caused by the flood wave (Figure 7).

The PTEs found in the tailing material, with the highest content in the upper course of
the river (As, Cd, Hg, Pb, Sb, Zn), characteristic elements in the areas of the Sb mine [57],
are grouped in Component 1 (Figure 6) by the PCA analysis, which represents the tailing
material in the flood wave and spatially coincides with the influence of Factor 3 in PMF
(Figure 8). Hg has the greatest influence on Factor 3, which is conditioned by the connection
of Hg with Sb and As [58]. However, the PMF Factor I, which is characteristic of the central
part of the river (Figure 8), defines the long-term impact of the mine, considering the
prevailing Pb, Cd, Sb and As, whose connection is characteristic of Sb mines [57,59].

By moving away from the spill site of tailings material, the influence of these PTEs
decreases, and the influence of the geological substrate increases, which is explained by
Component 2 of the PCA analysis as well as Factor 2 in the PMF model. These factors single
out Cu and Mn as well as Cr and Ni, which are characteristic of the geological substrate
of the Jadar river mouth [24]. The PCA analysis revealed that Cu and Mn are under the
influence of Component 1, but with low loading, while Cr and Ni have a high negative
factor loading regarding Component 1 (Table S6), indicating a double geological substrate
of the studied middle and lower part of the basin, which was confirmed earlier [40].
Additionally, the PMF model indicates a double origin; in Factor 2 (geological substrate),
primarily its influence in the lower part of the river with a high influence of Ni and Cr,
compared to Cu and Mn, and in Factor 3 (tailings material in the flood wave), where Cu
and Mn have a greater influence than Cr and Ni, which is conditioned by the connection of
Sb and Mn [60] (Table 5 and Table S6, Figures 6–8).

The PCA analysis determined that the influence of tailings material is 65.38% (Com-
ponent 1), and the influence of geological substrate is 23.64% (Component 2), while the
PMF model defines the influence of mines as 28.08% (Table 5, Factor 1), and the influence
of tailings material in the flood wave is reduced to 47.66% (Table 5, Factor 3). In addition,
the average Cu content is lower than the average values determined for the area of Central
Serbia (27 mg kg−1) [61], and the CV (coefficient of variation) for Cu is 29%, and for Mn
16%, which is significantly lower than other PTEs and indicates their geological origin [62].

Considering the determined content of PTEs and their origin as well as the risk of
pollution, the data for the estimated HI and TRC can also be interpreted.

Health risks due to exposure to PTEs in the vicinity of mines can occur due to the
ingestion, dermal contact and inhalation of soil or indirectly through the consumption of
plants and fruits. In this paper, the non-carcinogenic influence of all PTEs was considered,
for which, although high concentrations were measured in the soil (Table 2), there is no non-
carcinogenic risk for any PTEs except As (Table 6), where a threshold risk was determined.
A sensitivity analysis (Figure 9) determined that the concentrations of As, Pb and Sb have
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the greatest influence on non-carcinogenic risks. The carcinogenic influence of Pb, Ni, Cr,
Cd and As were considered (Table 7) and there is no carcinogenic risk in the studied area,
except for the maximum value of As. The authors [3] determined, depending on the type
of mine, that exposure to As concentrations is the highest in the case of multi-metal and
antimony mining areas, and with it, the possible carcinogenic risk. It should be emphasised
that different locations of mining areas in the world have different characteristics, which
also affect the condition of the soil in the immediate vicinity [38,39,63].

5. Conclusions

The flooded soils are loaded with Zn, Pb, Cd, As, Sb and Hg content in the surface
layers, in addition to the load with tailings material and due to the influence of mining
activities and related industries (smelters) in the studied area. The total content of Sb, Hg,
Pb, Cd and Zn, as well as the pollution index values decreases with distance from the
tailings dump. Risk of contamination is determined in more than 54% of the flooded soil
samples, as assessed by the PLI, and extremely pronounced in over 72%, assessed by the RI.
PTEs found in the tailing material As, Cd, Hg, Pb, Sb and Zn, by content, are the highest in
the upper course of the river, which is defined by the PMF model and PCA analysis. Hg
has the greatest influence on the overburdened material, based on the PMF model, which
is conditioned by the connection of Hg with Sb and As. The influence of mining activities
is clearly visible, based on the results of the PMF analysis in the central part of the river
course. In all studied samples of flooded soil, increased As content was found, which is
expected considering that As is a companion of the ore deposits of the study area.

The non-carcinogenic impact of all PTEs was considered, for which, although high
concentrations were measured in the soil, there is no non-carcinogenic risk for any, except
As, for which a borderline risk was determined. A sensitivity analysis determined that the
concentrations of PTEs have the greatest impact on non-carcinogenic risks. Based on the
analysis, there is no carcinogenic risk in the studied area.

The study area is sensitive to threats from the accessibility of PTEs in the environment.
Therefore, in the future, it will be necessary to establish continuous monitoring of the
content of PTEs as well as analysis of available forms of PTEs.
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