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Abstract: Mining is a significant industrial and economic activity, but it can also result in ore waste
that contains several potentially toxic elements (PTEs). Furthermore, the wide range of observed
transfer and accumulation factors suggests that not only the soil element concentrations but also
the soil characteristics are important for uptake, which is recognized as a serious problem with
potential impacts on human health and ecosystems. The aim of this study was to perform a pollution
risk assessment of a region near an abandoned mine using suitable biomonitoring followed by
multivariate statistical treatment of the obtained results. The content of PTEs in the soil and plant
samples was determined to exceed the background concentrations typical for Bulgaria. The observed
concentrations of copper in this study’s soil samples exceeded 2 to 16 times the maximum permissible
values. The Taraxacum officinale concentrations for PTEs, particularly for Cd (5.13 mg/kg), were
higher than the background levels. The obtained results for PTEs show significant TFs for Cd and Sn,
while the AFs outline a significant accumulation of Cd and Sb. The applied multivariate statistical
approaches revealed differences between the sampling locations and relationships between the
elemental transfer/accumulation factors and soil cation exchange capacity. The outcomes from the
statistical analysis confirm that the usage of both element factors and soil properties in biomonitoring
studies are essential for reliable risk assessment.

Keywords: potentially toxic elements; risk assessment; mining; biomonitoring; multivariate statistical
analysis

1. Introduction

Nowadays, environmental pollution remains a global problem and a focus of scientific
research efforts. Potentially toxic elements (PTEs) such as As, Cd, Co, Cz, Cu, Fe, Mn, Nj,
Sb, Sn, Zn, etc., otherwise known as heavy metals, are metallic chemicals with densities
greater than water. These metals are extremely harmful to humans [1]. The concentration
of PTEs on the soil surface resulting from the chemical composition of the parent rock
and anthropogenic activity as well as the various properties of the soil including sorption
and buffer capacity represent a major threat to the environment [2]. Mining activity is of
great industrial and economic importance but can produce a significant amount of metal
ore waste rich in PTEs. The mining of metal ores as well as their processing belong to
human activities that have a strong negative impact on the environment. They usually
release PTEs such as heavy metals and metalloids into the environment. The problem
of soil contamination at such sites is related to abandoned historic mines and currently
operating facilities. Although modern metallurgy generally uses advanced technologies
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that can significantly reduce the pollutants released into the environment, potentially toxic
metals and metalloids that have accumulated in soils for decades can still pose a significant
risk to human health and ecosystems. Assessing the soil quality in areas close to active
or non-functioning mining and smelter facilities is essential in this context. There are
many scientific publications related to the determination of PTEs in areas with mining
activity [3-5]. The scientific interest in the field is related to chronic exposure to potentially
toxic metals that can be fatal to humans. Potentially toxic metals such as Co, Fe, Ni, and Pb
can cause damage to the central nervous system and kidneys and are potential causes of
cancer diseases [6,7]. Usually, the determination of the total concentration is insufficient to
predict the bioavailability of the chemical elements. For this reason, new techniques such
as studying bioaccessibility and bioavailability have been proposed to evaluate the human
exposure to PTEs [8,9].

Numerous studies have shown that the bioavailability and soil-to-plant transfer of
chemical elements depend not only on their total element concentration, but also on the
pH, cation exchange capacity (CEC), soil type, organic matter, and element species [10-13].
The transfer of chemical elements from polluted soils to plants and their potential impact
on human health have been investigated in several studies [14-16]. The bioavailability of
PTEs from the soil in the edible parts of green leafy plants such as coriander (Coriandrum
sativum), parsley (Petroselinum crispum), arugula (Eruca vesicaria), and fennel (Anethum
graveolens) [17] and in garden edible vegetables such as beans, carrots, and lettuce [18] has
been investigated. Once introduced in the food chain, metals tend to accumulate in various
organs over a long period of time. Thus, a deficiency and excess of essential micronutrients
(e.g., Cu, Fe, Ni, Zn) can lead to undesirable effects. Serious adverse effects on human
health occur due to increased concentrations of toxic metals and their interactions with
essential trace elements [19,20].

The “Tsar Asen” mine is located near the town of Pazardzhik, in an area known for
its copper deposits. This mine is part of the Radka ore field, together with the Radka and
Chervena Mogila ore deposits. The spatial position of copper porphyry ores that have been
established in the “Tsar Asen” deposit is controlled by Late Cretaceous hypoabyssal to
subvolcanic-hypoabyssal porphyry intrusives or dyke bundles. According to its charac-
teristics, in the copper porphyry deposits in the “Tsar Asen” region, apart from the apical
parts of the minor porphyry intrusives, the mineralization is localized to a large extent in
the surrounding effusive rocks and volcanic necks [21]. The operation of the mine began
in 1979, and for 20 years, copper ore has been mined by the open pit method. Despite the
real danger of contamination of the area around the mine, no data on the determination of
PTEs can be found in the literature.

Dandelion (Taraxacum officinale) is a common plant species often chosen as a possible
chemical pollution biomonitor because it is widely distributed, easy to identify, and inex-
pensive to sample. This plant is a medical herb and a standardized biomonitoring species
for assessing environmental pollution with heavy metals and toxic elements. Several
studies have investigated the chemical composition and reactions of Taraxacum officinale
to changes in environmental conditions [22-30]. Dandelion has been shown to respond
quantitatively to air and soil pollution with As, Br, Cd, Cu, Fe, Hg, Mn, Ni, Pb, Pt, Pd, Rh,
Zn, and other chemical elements. Pollution response is not always linear [27], which is
explained by more complex interactions. Dandelion can survive in polluted areas thanks
to its high phenolic content, which effectively suppresses oxidative stress caused by the
high content of risk elements in soils [31]. It has been shown that the content of flavonoids
and other antioxidants increased, while the chlorophyll content decreased under stress
conditions [32]. The increase in the rate of lipid peroxidation with an increasing content
of risk elements has also identified Taraxacum officinale as a suitable plant species for the
bioindication of risk element-contaminated areas [33]. Moreover, in response to long-term
exposure to a risk element, a reduction in genetic diversity among Taraxacum officinale popu-
lations [27] and genotoxicity symptoms [34] has been observed. Indeed, Taraxacum officinale
clones taken from uncontaminated sites have a much lower survival than clones from con-
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taminated sites when both have been grown in contaminated environments, demonstrating
a clonal difference in tolerance to risk elements [35]. When grown in contaminated media,
dandelion clones from contaminated sites accumulated a mean of 4.2 times higher total
Cu and Zn and 17.8 times higher total Pb in their tissues than dandelion clones taken from
samples from uncontaminated sites [36].

The aim of this study was to perform the biomonitoring of PTEs in an abandoned min-
ing region using a proper biomonitor, namely Taraxacum officinale. The obtained elemental
transfer and accumulation factor coefficients will be treated by the means of multivari-
ate statistics in order to reveal the essential soil characteristics for the soil-to-plant and
accumulation transfer of PTEs.

2. Materials and Methods
2.1. Reagents

Concentrated acids HNOj3 (67-69%, Fisher Chemicals, Ultra TraceMetal Grade, Lough-
borough, UK), HF (47-51%, Fisher Chemicals, Ultra Trace Metal Grade, Loughborough,
UK), HCI (37% Fisher Chemicals, Ultra TraceMetal Grade, Loughborough, UK), and H,O,
(30% Fisher Chemicals, Ultra Trace Analysis Grade, Loughborough, UK) were used in
the analysis. Double deionized water (Millipore purification system Synergy, Molsheim,
France) was used to prepare all solutions. Working standard solutions were prepared
from ICP-MS multi-element calibration standard solution IMS-102 (Ultra Scientific, Agilent,
Santa Clara, CA, USA) containing 29 analytes (Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu,
Ga, In, Fe, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, T1, U, V, Zn) with an initial concentration of
10 mg/L, to which single element standards of macroelements Na, K, Mg, Ca, P, Ti, Mn,
and Fe and microelements La, Mo, Sb, Sn, and Th (all produced by Fluka (Fluka, Steinheim,
Switzerland)) with an initial concentration of 1000 mg/L were added after appropriate
dilution to maximize the resemblance of the matrix.

2.2. Sampling of Plant and Soil Samples

Twenty-nine plant and soil samples were collected from the region of the “Tsar Asen”
copper mine in September 2022, according to the sampling strategy (Figure 1).

"Tsar Asen” mine

Legend
© Sand (CEC<15meq)
® Clay (CEC>15meq)

\\
\

metres'\

Figure 1. Sampling map of the “Tsar Asen” mine.
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Using a plastic spatula, soil samples were taken from 20 cm of the topsoil, where
pollutants from anthropogenic activity were retained. Immediately after sampling, the soil
samples were collected in paper bags impermeable to moisture and dust and transported
to a laboratory.

Plant samples were collected from developed leaves by cutting them with plastic
scissors 1 cm above the ground. Immediately after sampling, plant samples were collected
in paper bags impermeable to moisture and dust and transported to a laboratory.

2.3. Determination of pH and Cation Exchange Capacity (CEC)

Soil pH was determined according to ISO 10390:2021 [37] and the CEC according to
ISO 23470:2018 [38].

2.4. Sample Preparation

The pretreatment and the microwave acid digestion of the samples were performed
according to the EPA, ISO methods, and previously published methods [39,40]. The sample
preparation was performed as described in Mihaylova et al. (2013) [39] for the plant leaves
and in Lyubomirova et al. (2015) [40] for the soil samples. The acid digestion of the soil and
plant samples was carried out in a microwave reaction system (Anton Paar, Multiwave 3000,
Graz, Austria). Supra pure chemicals and double deionized water were used throughout
the analytical procedure. The plant samples were prepared as follows: 0.5 g of the plant
samples (six parallels of each sample) were mixed with 8 mL HNOj and 4 mL H,0, into
PTFE vessels, and microwave digestion was performed for 20 min in four steps of 5 min
with the following power: 400, 600, 300, and 0 W (vent, Tmax = 180 °C). For CRM DC 73348
and CRM DC 73349 (trace elements in bush branches and leaves, China National Analysis
Center, Beijing, China) - 24 h, soaking in 8 mL HNO3 was necessary before MW digestion
to facilitate the dissolution. Afterward, the solutions were transferred into Teflon vessels
and evaporated to about 1 mL on a heating plate. The residues were dissolved in 3% HNOs.
Finally, the solutions were quantitatively transferred in polypropylene tubes and diluted to
50 mL with double deionized water.

The soil sample preparation was conducted according to the US-EPA 3051a proce-
dure [41]. The microwave aqua regia digestion was performed with 0.5 g of the soil sample
to which the acid mixture consisting of 9 mL HNO3; and 3 mL HCI was added. After
microwave digestion, the supernatant was decanted and diluted to 50 mL with double
deionized water. Before ICP-MS analysis, 1 mL of the samples was taken and diluted to
10 mL with double deionized water.

2.5. Analytical Procedure for PTEs Determination

The analysis of the samples was carried out using a Perkin Elmer SCIEX Elan DRC-e
ICP-MS (MDS Inc., Concord, ON, Canada) system. The instrumental parameters and
isotopes used for the analysis are presented in Table 1.

The determination of the macroelements (Al, Ca, Fe, Na, Mg, Mn, K, P, and Ti) in
mg/kg and wt.% concentrations was conducted after the optimization and introduction
of a dynamic bandpass tuning parameter (RPa) for the signal reduction of the isotopes
used, as described in Lyubomirova et al. (2020) [42]. The selected individual RPa values are
presented in brackets. The concentrations of the micro- and trace elements were determined
in standard conditions, except for As and Se. For the correction of the spectral interferences,
correction equations were introduced and are listed in Mihaylova et al. (2013) [39]. The
potential polyatomic interferences of the selenium isotopes and 7> As were eliminated using
a dynamic bandpass tuning parameter (RPq) with oxygen as a reaction gas, as described in
Lyubomirova and Djingova (2015) [43].
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Table 1. ICP-MS measurement conditions (Perkin Elmer SCIEX Elan DRC-e).

ICP-MS Instrumental Conditions
Argon plasma gas flow 15 L/min

Auxiliary gas flow 1.20 L/min

Nebulizer gas flow 0.90 L/min

Lens voltage 6.00 V

ICP-RF power 1100 W

Pulse stage voltage 950 V

Dwell time 50 ms

Acquisition mode Peak hop

Peak pattern One point per mass at maximum peak
Number of runs 4

27 A1(0.015),42434Ca(*2Ca-0.014;*3Ca-0.013;
4(Ca-0.015),742057 Fe(®*Fe-0.014;7°Fe-0.015;
57Fe-0.013),2*Na(0.017),242526 Mg (**Mg-0.016,2>?°Mg-
0.015),%°Mn(0.015),%?K(0.017),31P(0.013),4647 4849 T
(0.012)

1O7Ag/ 75AS (10/07) ae’ 136’138]3&, 9Be, 112’114Cd, 59CO,
52CI‘, 63'65Cu, 139La, %’98M0, 60’62Ni, 207’208Pb, 85’87Rb,
121’12331), 77,78Ge (1.5/0.3) %, 80,82g¢ (0.9/0.3) %, 118,12051,1,
232Th, 205TL 238U, 51V, 6621’1

Determined isotopes of major elements
(RPa, V)

Determined isotopes of micro- and
trace elements *(Oxygen flow rate
[mL/min]/RPq [V])

External calibration with multielement standard solutions was performed. In order
to resemble the analyzed matrices as much as possible, matrix elements were added to
the calibration standards. The calibration standards were in the concentration range of
0.1-10 mg/L for Na, Mg, Al, K, Ca, and Fe; in the range of 0.1-1 mg/L for P, Ti, and Mn; in
the range of 0.001-100 pg/L for the microelements and trace elements.

The accuracy of the ICP-MS measurements was checked by analysis of the plant, soil,
and sediment reference materials: CRM DC 73348 and CRM DC 73349 (trace elements in
bush branches and leaves, China National Analysis Center, Beijing, China), SRM NIST
1547 (peach leaves, National Institute of Standards and Technology, Gaithersburg, WA,
USA), IAEA-Soil-5 and IAEA-Soil-7 (trace elements in soil, IAEA, Seibersdorf, Austria), and
STSD-3 and STSD-4 (stream sediments, Canada Center for Mineral and Energy Technology,
Geological Survey of Canada, ON, Canada).

2.6. Analytical Characteristics of the Method

To assess the accuracy and precision of the analysis, certified plant, soil, and sedi-
ment reference materials were used. Since certified values after aqua regia digestion are
available only in STSD-3 and STSD-4 for a limited number of elements, total digestion was
performed. The complete digestion of the soil/sediment reference materials requires the
addition of hydrofluoric acid to dissolve the silica skeleton of the matrix [44]. Table S1
presents the results from the analysis of some of the plant, soil, and sediment reference
materials. The mean experimental values (average of six measurements, characterized
by the respective standard deviations) were calculated for each element and compared
with certified or information values. For the elements for which certified values were not
available, the literature values are presented. The comparison of the results showed a good
agreement between the experimental and certified or published values [39,45-47]. The
result’s precision was determined by three independent replicates (each six measurements)
within two months. The precision for all 31 elements in the analyzed CRMs was around or
below 10%. To assess the instrument drift, a recalibration was performed after every tenth
sample. To eliminate a memory effect, a washing step of 60 s with 3% HNOj3; was applied,
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followed by the measurement of a blank sample. Cleaning of the sampler and the skimmer
cones was performed before each analysis. The instrumentally determined detection limits
(30, three times the standard deviation of ten repeated measurements of a blank) are also
presented and were below 1 ng/mL, except for the macroelements K, Na, Fe, and Ti, being
between 1 and 2 ng/mL.

2.7. Multivariate Data Analysis

Principal component analysis (PCA) is a commonly utilized unsupervised statistical
method employed for the multivariate analysis of environmental monitoring data [48,49].
The primary function of PCA is to diminish the complexity of the input data matrix (transfer
or accumulate factors of elements in this study) by generating a limited set of new variables
termed principal components (PCs) or latent factors. PCs emerge as linear combinations
of the initial variables (transfer or accumulate factors of elements in this study). The
original autoscaled data matrix is deconstructed into two constituent matrices: the factor
loadings matrix, which depicts the contribution of each original variable to the newly
formed principal components, and the factor score matrix, which furnishes the updated
coordinates of each object (sampling point) within the novel principal component space.

Partial least squares-discriminant analysis (PLS-DA), conversely, is not a widely
adopted supervised technique in the realm of environmental assessment studies [50,51].
PLS-DA represents a specific variant of partial least square modeling that encompasses the
construction of PLS components followed by discriminant analysis within the extracted
PLS component space. In this study, the differentiation of distinct sample categories (sand
and clay groups) was accomplished through the utilization of the PLS1 algorithm. This
algorithm as employed to model the associations between an independent block of vari-
ables (i.e., element concentrations in soil samples) and a dependent categorical dummy
variable denoting the membership of each sample in either the sand or clay class. The
PLS-DA generates various statistics pertaining to the independent variables (element soil
concentrations) and the performance of the model. The variable importance on projection
(VIP) serves as a metric for gauging the significance of the independent variables in the
predictive model. Variables with VIP scores exceeding 1 hold substantial discriminatory
power in the classification model. The obtained regression vectors portray the concentration
profiles of known sample classes, while the area under the curve (AUC) stands out as the
primary parameter for evaluating the predictive models. An AUC of 1 signifies a flawless
predictive model.

All multivariate analysis calculations were performed under MATLAB R2023b using
PLS Toolbox 9.2.1 (Eigenvector Research Inc., Manson, WA, USA).

3. Results
3.1. Determination of pH and Cation Exchange Capacity of Soil Samples

The behavior of chemical elements in the soil and their bioavailability largely depends
on the soil’s physicochemical characteristics. The ability to adsorb ions is essential for the
behavior of chemical elements and their bonding. Soil acidity affects both the solubility of
the pollutants and their chemical form. Therefore, determining the pH in water and 1 M
KClis an important soil characteristic. CEC is a quantitative measure of the soil’s ability
to adsorb ions and is a characteristic constant for each soil type. Table 2 presents the pH
values and CEC of the analyzed soil samples.

The pH determined in the soil samples ranged from 5.95 to 7.61. Despite the limited
area of the mine, the sampled CEC ranged from 7.1 to 28.1 meq, which means that the
investigated region includes different soil types, from sandy to heavy clay ones.
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Table 2. The CEC and pH values in water and 1 M KCL

Soil Sample CEC [meq] pH (H,O) pH (KCD)
1 17.0 6.35 5.08
2 10.5 6.20 4.49
3 134 6.16 5.30
4 13.8 6.71 5.61
5 9.6 6.23 4.98
6 7.8 6.75 5.72
7 17.6 6.72 5.94
8 7.1 6.87 5.79
9 22.5 6.31 5.80

10 74 7.29 6.62
11 219 6.76 6.22
12 19.6 6.86 6.04
13 16.0 6.96 5.55
14 7.2 6.18 4.85
15 11.0 6.41 5.39
16 20.3 7.08 6.16
17 14.4 6.83 597
18 23.7 6.98 6.69
19 28.1 7.55 7.16
20 17.9 6.76 5.78
21 13.7 6.55 5.55
22 25.6 7.61 7.22
23 22.3 7.39 6.65
24 16.3 5.95 4.45
25 11.8 743 6.18
26 7.1 6.83 6.03
27 18.2 6.60 6.28

3.2. Total Element Concentration of Soil and Plant Samples

Table 3 includes the summarized basic statistics of the investigated plant and soil
samples represented by the mean value, median, minimum, and maximum concentration
of the analyzed elements.

As expected, the concentration of chemical elements in soils was higher than in plants.
The exceptions were only a few essential elements such as Ca, K, and P, which accumulate
in plants in order to ensure the normal functioning of their life processes. In the soil
samples, Cd, Cu, Pb, and Zn were found in concentrations above or close to the maximum
permissible limit of 2.5 mg/kg, 80 mg/kg, 130 mg/kg, and 390 mg/kg, respectively [52].
At the same time, Cd, Co, Cr, Cu, Fe, Mn, Sb, Sn, and Zn were found in the dandelion
samples in concentrations higher than the referent ones for Bulgaria.
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Table 3. Basic statistics of the soil and plant samples.

Soil Samples Plant Samples
Element Mean Median (Min-Max) Mean Median (Min-Max)
[mg/kg]
Ag 0.62 0.21 0.002-8.89 0.19 0.14 0.044-0.71
Al 32,125 33,675 12,491-57,054 196 84 33.8-943
As 524 493 1.36-9.87 0.083 0.067 0.001-0.21
Ba 159 145 74-303 29.3 20.5 4.03-68.9
Be 1.23 1.33 0.36-2.68 0.022 0.001 0.001-0.15
Bi 0.53 0.52 0.24-1.10 0.50 0.42 0.18-2.10
Ca 8134 7882 1996-26,874 21,261 19,641 8848-35,366
Cd 0.97 0.70 0.14-6.25 0.62 0.33 0.061-5.31
Co 22.7 21.3 6.70-58.9 0.34 0.25 0.07-1.15
Cr 39.1 374 15.3-74.0 217 2.47 0.60—4.01
Cu 386 300 51.9-1288 18.2 17.8 6.14-40.8
Fe 41,069 41,387 13,989-97,297 334 267 138-854
K 3344 2957 1081-6076 33,444 39,417 1769-64,474
La 20.4 19.1 11.5-61.8 0.31 0.18 0.062-0.93
Mg 11,516 11,066 2670-25,999 6147 5689 2438-11,364
Mn 1321 1114 561-5461 109 80.1 35.5-298
Mo 3.92 2.57 0.99-14.6 1.58 0.73 0.15-19.8
Na 880 713 169-2493 447 164 35.2-3382
Ni 27.9 25.5 11.6-59.6 1.07 0.76 0.22-2.89
P 665 637 157-2148 2359 2171 198-5294
Pb 33.2 30.2 12.5-101 0.80 0.83 0.30-1.61
Rb 15.3 13.7 7.6-38.4 18.9 14.8 2.47-39.8
Sb 0.17 0.14 0.024-0.47 0.037 0.029 0.011-0.195
Se 6.04 5.08 0.003-21.6 0.29 0.19 0.001-0.91
Sn 0.66 0.49 0.020-2.83 1.43 1.46 0.39-2.75
Th 4.30 411 2.45-12.4 0.034 0.039 0.008-0.109
Ti 758 567 85.9-2199 6.96 411 1.54-28.9
Tl 0.08 0.09 0.009-0.21 0.018 0.007 0.001-0.205
U 1.06 0.86 0.57-3.40 0.031 0.026 0.013-0.100
\% 112 107 36.0-185 0.40 0.19 0.004-1.31
Zn 133 127 36.4-340 61.1 55.5 12.4-249

3.3. Partial Least Squares Discriminant Analysis

In order to investigate the element profile of samples from different soil types, PLS-DA
as an effective feature selection and classifier was applied. The sampling points were
divided into two groups: sandy (CEC < 15 meq) and clay (CEC > 15 meq). The obtained
classification model had very good performance (Figure 2a) and outlines the elements
(VIP > 1) with significant discriminative power (Figure 2b). The regression vectors of both
groups (Figure 2c,d) present the element profiles of each group.
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Figure 2. The PLS-DA modeling results for the sand and clay groups were based on the element
concentrations of the samples: (a) confusion matrix; (b) VIP scores; (c) regression vector for the sand
group; (d) regression vector for the clay group.

3.4. Soil-to-Plant Transfer Factor (TF) of the Elements

The influence of the total element concentrations in the soils on their plant trans-
fer was assessed using element transfer factors (TFs). The TF was determined using
Equation (1) [53].

Cplant
Cooil

The calculated TFs in the soil-plant system are presented graphically, and the analyzed
elements were divided into two groups. The first group contains macro- and microelements,
most of which have an essential function for the plant (Figure 3), and the second group
contains potentially toxic elements (Figure 4).

As mentioned, the TFs indicate the passage of the given chemical element from the
soil to the plant. Significant TFs are considered those greater than 1. TFs higher than one
are considered normal for essential elements since they are at the core of all life cycles in a
plant. As evident from Figure 4, the TFs of potentially toxic elements such as Sn and Cd
were higher than 1, which should be considered in the risk assessment.

The factor loadings and factor scores obtained by the PCA of the TFs dataset revealed
interesting relationships between the element soil-to plant-transfer factors and the type of
sampling points (Figure 5). The big group of elements with PC1 factor loadings higher than
0.15 possessed higher TFs (Figure 5a) at sandy sampling locations with positive PC1 factor
scores (Figure 5b). The elements with negative factor loadings including Sn had higher TFs
at sampling points from the clay class (CEC > 15 meq).

TF = 1)



Appl. Sci. 2023,13, 11860 10 of 17

16 -
14-
12-
14
10-
F o 20
24"
6-
24 19
18 — 4"
4- 4
B 16
g | L
: 1 17 -8
N ___ [ S N N S N - - - [ 8 . SRR RS FUUNN ey R P
14 15 i 24 20
1 B — 14 ] 20
o el 5 2y 5 I B4 5/
6 21 13 13
.ﬁ.lg Bla CI a Clo Clu Fle PI< Lla I'-,-1lg I'-,-1In I'-,-1I 0 Nla r.] i FI' I b Sle 'I:i \:’ Zln
Element
Figure 3. Macro- and microelement transfer factors.
27
60 -
40-
L
'_
23
1 -
201 “1g 21
L 14
e 26 11 1° -
U_———5 —————————————— o = e ) — [ - — = | oo == oo b L oo - - 2Oy 1--
6 15774 TG 5 20
Al As Be Bi Ca cr Pb Sb sn Th TI U

Element

Figure 4. Toxic element transfer factors.



Appl. Sci. 2023,13, 11860

11 of 17

CEC
03 oCa N 7n Ba 8 L] *14
M JRVIRL S ? : . 2
025 ¢ e cu cd | ola 6
ocr | Go T s 21 2
0zt P i 4 °
p ohs g 13 20
= 0.15 Ay 3 2 3
& - 8 26 18
@ Ag n 5| * °
8 o ° ¢ Y 025 | N
5 Ti s [1 e3 o7 2 x
o 0.05Be §_2 ®i3 o6 18 2: 278 14
B 3 o4 *10 e17 19
’ od Sb wMJ ’ 4 o ’ - b
005 SR Mo & Th“‘u. 0
‘ @ Na én 5 8
-01 -
5 10 15 20 25 30 5 10 16 20 25
Variable (a) Sample (b)
Figure 5. PC1 factor loadings (a) and factor scores (b) of the element transfer factor dataset.
3.5. Accumulation Factor of the Elements
Compiling estimates of the environmental pollution degree is directly related to the
determination of the accumulation factor (AF) of the elements. The accumulation factor
was determined using Equation (2) [54]. It shows the concentration of the element in
a plant species from the polluted area compared to its concentration in the same plant
species from the background area. Figures 6 and 7 show the accumulation factors of the
analyzed elements.
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Figure 6. Macro- and microelement accumulation factors.
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The AF is an important indicator because it gives an idea of the dandelion’s response
to environmental pollutants. The different accumulation coefficients in polluted areas
versus the background indicate that the elemental composition of the plant changes in
response to the anthropogenic pollutant. Significant accumulation factors are those greater
than 2 [54]. The results showed that AF > 2 was observed for both essential elements and
the potentially toxic Cd and Sb.

The PCA results for the element accumulation factor dataset are presented in Figure 8.
Similarly to the PCA results for the transfer factor dataset, the elements were divided into
two groups. The first group with positive factor loadings (Figure 8a) including elements
with AF above 2 (Cd and Sb) possessed a higher accumulation factor at sandy sampling
locations. In contrast, the second group with negative factor loadings had higher AF in
sampling locations belonging dominantly to the clay class.
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4. Discussion

The As, Cr, and Ni concentrations in soil samples were below the maximum permissi-
ble levels adopted in national legislation [52]. The Cd content in one of the soil samples
(sample 27) with pH = 6.6 exceeded almost three times the maximum permissible level of
2.5 mg/kg. In the same soil sample, the concentration of Pb was very close to the maximum
permissible one of 130 mg/kg. In several locations with pH levels ranging from 6.0 to 7.4,
the Zn content was discovered to be near the maximum permissible limit of 390 mg/kg
but remained below the intervention levels. As expected, Cu was identified as the primary
cause of soil contamination. The copper levels were below the maximum permissible
level (for pH < 6.0) of 80 mg/kg at only two studied sites. At all of the other examined
sites, the concentration of Cu was significantly elevated, ranging from 2 to 16 times higher
than the maximum permissible level and reaching values as high as 1288 mg/kg. The
concentrations of potentially toxic elements in other open-pit copper mines in Bulgaria such
as Asarel-Medet, which have the same origin as “Tsar Asen”, were analyzed in Yotova et al.
(2018) [55]. The observed concentrations of Cu in this study also exceeded 2 to 10 times the
maximum permissible concentrations, reaching 2400 mg/kg. In addition, compared with
other areas exposed to copper mining and smelting, the determined concentrations of Cu
in our study were significantly higher than those reported in Germany—420.9 mg/kg [18],
in Spain—642 mg/kg [56] and in China—1990 mg/kg [57].

The obtained concentrations for Cd, Co, Cr, Cu, Fe, Mn, Sb, Sn, and Zn of Taraxacum
officinale exceeded the background levels typical for Bulgaria and published in Lyubomirova
et al. (2014) [54]. In the area of the “Tsar Asen” mine, the determined concentration for Cr
was twice the background level. Co, Cu, Fe, Mn, and Zn were three times higher than the
background levels. The Sb and Sn concentration levels were five times higher than in the
background regions. The highest value compared to the background concentrations of 0.04
to 0.30 mg/kg was found for Cd, with a value of 5.31 mg/kg.

Bini et al. (2012) [58] analyzed dandelion leaves sampled from a mining area located
in the mountain district of Belluno (NE Italy) and found concentrations of Cu, Cr, and Zn
close to those determined in this study. Regarding Cd, the concentration found in the plant
samples from “Tsar Asen” was five times higher than those found by Bini at al. [58].

The very good discrimination obtained between the sandy and clay sampling locations
resembled their different element soil profiles, which should be considered when the
transfer and accumulative factors are analyzed (Figure 2). The PLS-DA model results for
the sand and clay groups based on the element concentrations of the soil samples showed
that the elements responsible for the grouping of the samples (VIP score above 1) were Be,
Mg, Al, K, Ca, Ti, V, Fe, Ni, Cu, Zn, Mo, Sn, Sb, Ba, Tl, and Bi. The soils falling into the
sand group were characterized by high concentrations of Na, P, Ti, Mn, Ni, Zn, As, Se, Sn,



Appl. Sci. 2023,13, 11860

14 of 17

Sb, Pb, and U, in contrast to the other group. The clay group included soils with higher
concentrations of the elements Mg, Al, K, Ca, V, Cr, Fe, Co, Cu, Rb, Mo, Ag, Cd, Ba, La, Tl,
Bi, and Th.

The wide range of the soil samples’ pH and CEC could be explained by the different
soil and rock materials used during the remediation activities in the sampling region. In
order to explore the relationships between TFs and AFs with pH in water, pH in KCl, and
CEC, correlation analysis was performed (Figures S1 and S2). The TF correlation map
showed a larger similarity of CEC with the TFs of the elements, which could be explained
by the fact that CEC also reflects the soil texture and content of soil organic matter. The AF
correlation map (Figure S2) resembles a well-defined group of similarity between the pH
and CEC of the soil samples, indicating a bigger role of pH in the accumulation of PTEs
than in their soil-to-plant transfer. In further analysis, CEC is used to discuss transfer and
accumulation factor coefficients.

As noted for essential elements, TFs can be higher than 1 because of their vital impor-
tance to the plant organism. Figure 3 shows that the calculated median, which takes values
above 1, refers to the elements Ca, K, and P, which are essential, and Rb, which has close
chemical properties to K [59]. It is striking that although the sodium median was below
1, five of the analyzed samples (samples 16-20) were characterized by TF > 2, which is
reasonably expected given its essential function. All of the samples above-mentioned were
from the clay group (Figure 5). Potentially toxic elements with higher values of TFs were
characterized by the elements Cd and Sn. Notably, Cd had higher TFs in sandy sampling
locations while it was Sn in sampling points from the clay group (Figure 5).

The calculated AFs outlined five elements with a median above 2: Ca, K, Fe, Mg, and
Mn. All of these elements had higher AFs at the sampling location from the sand group
(Figure 8). The result obtained for P is interesting, as it appeared to have a low AF while
a high TF was observed. This can be explained by the fact that the high concentration of
phosphorus in the dandelion is not due to its ability to accumulate this element, but to
the higher concentration of this chemical element in the adjacent soil. Potentially toxic
elements with significant AFs were Cd and Sb. These accumulated in the dandelion at
predominantly sandy locations with low pH (Figure S2).

The observed differences in the TF and AF for Sn may be due to the different chemical
forms in which it is present in the two groups of sampling locations. Most probably in the
sandy soil, it is found in the form of insoluble oxide, which explains the low values of TF
and AF in contrast to the clay sampling locations.

5. Conclusions

The present study outlined the advantages of biomonitoring for the pollution risk
assessment of an abandoned mine region including different soil types. The obtained
element TFs and AFs confirm that only soil element concentrations are insufficient for
reliable risk assessment. In the present study, the Cu soil concentrations exceeded 2 to
16 times the maximum permissible values, but Cu had no significant TF and AF values.
The combination of TFs and AFs provides a reliable assessment for elemental uptake and
could reveal some differences in the behavior of PTEs. The obtained results for PTEs show
significant TFs for Cd and Sn, while the AFs outlined a significant accumulation of Cd and
Sb. The correlation analysis of TFs and AFs pointed out that soil-to-plant transfer is mainly
related to the CEC of the soil samples, while for the accumulation of elements in plants,
the pH and CEC of the soil samples are equally important. These findings outline the
necessity of using both factors in biomonitoring studies. The PCA analysis of the transfer
and accumulate factor datasets revealed the relationships between the obtained coefficients
and CEC.

The proposed assessment approach including traditional soil analysis, the use of a well-
investigated biomonitor for the respective region (Taraxacum officinale in this study), and
multivariate statistical analysis could not only be successfully applied for the pollution risk
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assessment of PTEs in abandoned mining regions, but also in the other anthropogenically
influenced areas including different types of soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app132111860/s1, Table S1: Comparison of the ICP-MS results
obtained from the plant, soil, and sediment reference materials with certified /literature values and
experimentally determined detection limits, Figure S1: Correlation map of the TF, pH (H,O), pH
(KCl), and CEC (variables are reordered by absolute value of correlation coefficients), Figure S2:
Correlation map of AF, pH (H,0), pH (KCl), and CEC (variables are reordered by absolute value of
correlation coefficients).
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