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Abstract: Surface samples (0-25 cm each) of agricultural soils were investigated in five Regions
(voivodeships) of southern Poland. The mean Potentially Harmful Element (PHE) pseudototal content
ranges were as follows (mg/kg): As 5.19-10.9, Cd 0.34-1.56, Co 1.92-6.70, Cr 9.05-25.7, Cu 8.74-69.4,
Hg 0.001-0.08, Ni 3.93-19.9, Pb 20.3-183, Sb 0.80-1.42, T1 0.04-0.17, and Zn 61.3-422. The PHE
availability depended on pH, the organic carbon (Corg) content, and the pseudototal PHE content in
soils. Exchangeable and acid soluble PHE contents (BCRp;) determined in the Community Bureau of
Reference (BCR) three-step sequential extraction procedure decreased in this order: Cd > Zn > Co >
Ni =Sb > Cu > Tl > As > Cr = Pb. Actually available PHE contents in pore water (0.01 mol/dm?
CaCly) ranged as follows: Cd 0.81-17%, Cr 0-0.25%, Cu 0.01-2.31%, Ni 0.16—2%, Pb 0.2-0.49%, and
Zn 0.25-2.12%. The potential soluble total content of PHEs in pore water (0.05 mol/dm? Na,EDTA)
ranged as follows: Cd 27-91%, Cr 0.7-7.1%, Cu 6.7-98%, Ni 3.6-41%, Pb 15-41%, and Zn 3-34%.
The mobility factor (MF) values indicated Cd (31.6%) and Zn (21.0%) as the most mobile elements
in soil. Other PHEs followed the order of Co > Ni > Tl > As > Sb > Cu > Cr > Pb, with the MF
values <10%. The risk assessment code (RAC) values revealed a very high ecological risk of Cd and
Zn in the Podkarpackie Region and a high ecological risk of Cd in the Regions of Opolskie, Slaskie,
Matopolskie, and Podkarpackie, and the same of Zn in the Opolskie and Slaskie. The modified
risk assessment code (NRAC) index pointed a very high potential of adverse effects in soils in the
Podkarpackie and a medium potential in the Opolskie, Slaskie, Matopolskie, and Swietokrzyskie.
The potential adverse effect risk, described by the individual contamination factor (ICF) factor, was
the following in the Regions, in the decreasing order: Cd > Pb > Sb > Zn > Co > Cu > Ni > Tl >
As > Cr, and the same as described by the global contamination factor (GCF) values: Opolskie >
Podkarpackie > éwietokrzyskie > Slaskie > Matopolskie.

Keywords: mobility; ecological risk; MF factor; mRAC index; ICF factor; GCF factor

1. Introduction

Potentially harmful elements (PHEs) can pose a threat to living organisms due to their toxic and
carcinogenic effects [1]. They are still considered to be some of the most hazardous groups of inorganic
contaminants in the environment. Thirteen trace metals and metalloids are recognised to be priority
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pollutants [2], i.e., Ag, As, Be, Cd, Cr, Cu, Hg, Ni, Pb, Sb, Se, T1, and Zn. However, certain trace
elements are beneficial for plant growth (for example Zn, Cu, Cr, and Co) or animal nutrition (for
example Co, Cr, and Se). Additionally, humans require certain trace elements. Those elements are
generally divided into macro- and microelements [3]. Other metals, e.g., Pb and Cd, are considered to
be harmful to humans, even in low concentrations [4].

PHEs can occur in soils due to natural phenomena, e.g., weathering of the parent rock or
metalliferous ores exposing metallic minerals. The most significant anthropogenic sources of PHE
contamination include agriculture (fertilizers, animal manure, or pesticides), metallurgy (mining and
smelting), energy production (leaded gasoline, battery production, or power generation), sewage
sludge, and waste disposal [5,6]. Consequently, the contamination of agricultural soils has become a
worldwide problem [4,7-16]. Similarly, the areas of southern Poland, being the objects of research,
struggle with the problem of environmental pollution especially caused by coal, Zn, Pb, and Cu
ores mining and processing, urban agglomerations, and intense traffic as was stated before by
Gruszecka-Kosowska et al. [17].

Making references to the total PHE concentrations is the most common method of characterizing
environmental pollution. For example, the United States Environmental Protection Agency (USEPA)
human health risk assessment (HHRA) methodology is based on that approach. One has to have in
mind that the total content of elements refers to concentrations of analyzed elements determined after a
complete dissolution of the solid matrix with a combination of strong acids i.e., hydrofluoric acid (HF)
as well as alkali solutions [18]. However, due to safety precautions HF procedure is not recommended
for routine analysis. As an alternative to this procedure is pseudo-total digestion by aqua regia [19].
Although commonly used, aqua regia is often rated as a less suitable solvent for the estimation of
the total amount of heavy metals in an environmental matrix [18]. Nevertheless, even high total
or pseudototal concentrations of heavy metals do not always pose a threat to the environment. In
environmental studies, the mobile portion of the element content gives more reliable information as to
potential adverse effect risks for the environment and living organisms, while extraction procedures
provide information on mobile and available portions of PHEs.

There are many definitions of contaminant bioavailability in the literature, and the debate on
adopting precise definitions continues. It is considered as the fraction of the total contaminant in the
interstitial water and soil particles that is available to the receptor organism [20]. Nevertheless, based
on the investigations conducted by many scientists in the last 20 years, emphasizing that bioavailability
should be considered as a dynamic process, strongly dependent on the type of organism, type of
exposure, and metal speciation, as well as soil properties, three separate steps including the descriptions
of bioavailability have evolved [21-23]. The first step represents the availability of PHEs in soils as
a physico-chemically controlled desorption process, and the step is called environmental availability.
The second step describes a physiologically controlled uptake process of PHEs by organisms and it is
called environmental bioavailability. The third step is a physiologically induced effect, or accumulation
of PHEs in living organisms, called toxicological bioavailability. Environmental availability, which
is the object of the present study, depends on such soil properties, as e.g., texture, the contents of
organic matter, clay minerals, or oxides, and soil pH, as well as the total PHE content and PHE
types. The period of PHE contact with the soil matrix is also essential. Besides dissolved free ions
and molecules, the fraction in question may also include an amount of PHEs, combined either with
dissolved organic matter (humic and fulvic acids) or inorganic anions (C1~, OH™, S042, or HCO37),
especially under slightly acidic and alkaline conditions [23].

There are many measurement methods applied to determine bioavailable fractions. Several
groups of chemical extraction procedures can be distinguished. Depending on the number of extraction
steps, single or sequential extraction procedures are identified [19,20,24-26]. Depending on the
type and solution strength, the following procedures are distinguished: acid extraction, extraction
in chelating agents, and in buffered or unbuffered salt solutions [27]. The actual PHE quantities
collected by plants from soil can be chemically measured via exchange by unbuffered salt mechanism,
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using 0.01/0.0025/0.001 mol/dm?® CaCl,, 1/0.1 mol/dm?3 NaNOs, or 1 mol/dm? NH4NO;. The results
of the extractions mentioned before reflect the actually available element contents in pore water.
Those extraction procedures are suitable for highly mobile elements, i.e., Cd, Ni, Zn. To measure
the potentially available PHE contents, the methods of desorption by chelating agent extraction in
0.05 mol/dm?® EDTA or 0.005 mol/dm?3 DTPA solutions, as well as extractions based on the exchange,
with the application of strong acid in 0.43 mol/dm® HNO; or 0.1/0.5 mol/dm3 HCI solutions are
applied. Those methods determine the potential soluble total element concentration in pore water, in
respect of Cd, Cr, Cu, Ni, Pb, and Zn [23]. Moreover, well developed and standardized bioavailability
measurement methods are crucial for measurement results, as they lead to ecological and human
health risk assessment of potential exposure to the PHE transfers in the soil-crop-human chain [23].
Certain soil leaching procedures described in the above mentioned references have been standardized
or are considered to be standardized in various European countries for the soil remediation purposes,
based on risk reduction [20,27].

As southern Poland is known for its productive soils [28], thus the previous research of
Gruszecka-Kosowska et al. [17] was focused on the pseudototal PHE concentrations in the arable soils
of southern Poland. However, as the knowledge about PHE bioavailable forms and their contents
in the arable soils seems to be even more important in the context of PHE migration in the food
chain. For that reason, the investigations of PHE environmental availability were the goal of the
current studies. The investigations were the part of the larger project that was carried out on arable
lands in five Regions of southern Poland where edible plants (i.e., vegetables, fruit, and cereals) were
cultivated [17]. Detailed objectives of the current research included the following: (1) determination of
the mobility using exchangeable and acid soluble (BCRp;) contents determined in the Community
Bureau of Reference (BCR) three-step sequential extraction procedure, actually available contents in
pore water using 0.01 mol/dm? CaCl,, and potentially available contents using 0.05 mol/dm? Nay,EDTA
of selected PHEs (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sb, Se, T, and Zn) in reference to the pseudototal
element content in soils [17], (2) calculation of single and complex geochemical fractionation indices,
and (3) determination of potential contamination of investigated agricultural soils by the selected PHEs
in the respective Regions.

2. Materials and Methods

2.1. Study Area

The study area consisted of five Regions (voivodeships) located in southern Poland (Figure 1),
from where 30 samples of agricultural soil from the depth of 0-25 cm each were collected as follows:
four soil samples from the Opolskie, four samples from the Slaskie, 12 samples from the Matopolskie,
six samples from the Swietokrzyskie, and four samples from the Podkarpackie. The soil sampling
locations were chosen in similar places where edible plants analyzed in further investigations were
cultivated [17].

2.2. Soil Sampling and Preparation

As the current research was part of a larger project, the procedure of soil sampling and preparation
was described in detail previously [17]. The soil samples were taken only in the arable soils where edible
plants i.e., vegetables, fruits, and cereals, were cultivated and analyzed in the further investigations.
Briefly, a total of 30 soil samples were collected in 2015 and 2016. Each soil sample (mass about 1 kg
each) was collected from 1 X 1 m square and consisted of five subsamples taken from the square
corners and the diagonal intersection from the depth of 0-25 cm. Soil samples and their duplicates
were air-dried at the room temperature (25 °C) and homogenized. Sample masses were reduced and
were passed through a 2 mm sieve to remove plant parts and gravel before further analysis.
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Figure 1. Agricultural soil-sampling site locations in the Regions of southern Poland (modified
from [17]).

2.3. Sample Analyses

Active (pHp20) and potential (pHkc1) pH values were determined on duplicate soil samples, as
described previously [17]. The organic carbon (Corg) content was determined, using the Tiurin method.

Investigated PHEs were extracted from 1 g of each soil sample during mineralization
(DigiPREP—SCP Science Utilities, version 3.0, Quebec, QC, Canada) with aqua regia (HNOj3; and
HCl at 3:1 v/v) for 2 h in the temperature 130 °C and concentrations of As, Cd, Co, Cr, Cu, Hg, Nij,
Pb, Sb, Se, T1, and Zn were determined by inductively coupled plasma-mass spectrometry ICP-MS
(ELAN 6100; Perkin Elmer, Waltham, MA, USA), according to the USEPA 6020B [29] and PN-EN ISO
17294-2:2006 [30] Standard protocols.

The binding forms of PHEs were determined by the BCR sequential extraction procedure [31].
Briefly, 1 g of each soil sample in the BCR; step, H,O soluble and acid forms of PHEs (metals on
exchangeable positions and bound with carbonates) were extracted with 0.11 mol/dm® CH;COOH, pH
= 2.85; in the BCRp; step, reducible forms of PHEs (metals bound with oxides and hydro-oxides of Fe
and Mn) were extracted with 0.1 mol/dm3 NH,OH-HCI, pH = 2; and in the BCRg;3 step, oxidizable
forms of PHEs (metals bound with sulphides and organic matter) were extracted with (1) 2 x 30%
H,05; 1 h, 85 °C and (2) 1 mol/dm?® CH3;COONHy, pH = 2, respectively. Content of PHEs in residual
fraction (BCRg4) was determined in the residues remaining after BCRp; step at the same aqua regia
digestion. For the determination of the PHE mobility their contents in the BCRy; fraction were used in
further analysis.

Actually available PHE contents in pore water were extracted with 20 cm® of 0.01 mol/dm3
CaCl, and potential soluble total PHE concentration in pore water were extracted with 0.05 mol/dm?
NayEDTA from 2 g of each soil sample, followed by shaking for 2 h [27,32,33]. After extraction samples
were centrifuged at 3000 rpm for 10 min, and supernatants were separated from precipitate through a
filter. The contents of bioavailable contents of PHEs were determined, using the ICP-OES (Inductively
Coupled Plasma Optical Emission Spectroscopy) method on an Optima 7300 DV (Perkin-Elmer).

2.4. Quality Control

The quality control was previously described in detail in Gruszecka-Kosowska et al. [17].
Soil analyses were performed under the standard certified analytical quality control procedure
according to PN-EN ISO 17294-1:2007 [34] and were also measured, using inductively coupled
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plasma-optical emission spectroscopy ICP-OES (OPTIMA 7300DV; Perkin Elmer, Waltham, MA, USA),
according to the USEPA 6020B [29] and PN-EN ISO 11885:2009 [35] protocols. The recovery rate
from analyzed at the same time certified reference material CRM (soil ERM®-CC141) was between
81% and 112% for the majority of the PHEs analyzed, except for As, Co, Cr, and Ni. In that method,
reagent blanks and duplicates of each of the three samples were used for quality assurance and quality
control. All the reagents used in the laboratory analysis were analytically pure. The results of the
sample examinations were within the allowable error change values. Analytical bias was statistically
insignificant (p = 0.05). ICP-MS and ICP-OES system precision parameters were satisfactory, verified
by six different solution injections. Rh was used as an internal standard. Element correction equations
were used for each element to minimize the impact of interferences in the ICP-MS analysis.

The limit of detection (LOD) values of the investigated PHEs were as follows: As < 0.001 mg/dm?,
Cd < 0.003 mg/dm?, Co < 0.0002 mg/dm?, Cr < 0.005 mg/dm?, Cu < 0.001 mg/dm?, Hg < 0.0001
mg/dm?, Ni < 0.001 mg/dm?, Pb < 0.0001 mg/dm3, Sb < 0.0002 mg/dm?, Se < 0.01 mg/dm?, Tl < 0.0001
mg/dm?, and Zn < 0.001 mg/dm?.

Recovery compares the total metal content with the sequential extraction steps, according to
Equation (1) [36,37]

Y. | sequential extraction steps

Recovery = ( X 100% 1

pseudototal concentration

The recovery values ranged as follows: As 87-156%, Cd 92-151%, Co 69-156%, Cr 62-151%, Cu
89-107%, Ni 68-119%, Pb 90-131%, Sb 90-129%, T1 84-147%, and Zn 79-127%.

2.5. Statistical Analysis

The results were verified statistically, using the Statistica 12 software package. The differences
between the means were analyzed by the ANOVA test at a significance level of 0.05. Principal
Component Analysis (PCA) was preformed to establish the relationship and behavior of PHEs in soils.

2.6. Soil Quality

The permissible levels of metals and metalloids, determined in the Regulation of the Polish
Minister of the Environment on how to conduct pollution assessment on the surface of the earth
of 1 September 2016 [38], were used to indicate potential contamination of agricultural soils by the
investigated PHEs in the respective Regions of southern Poland. Threshold values were chosen,
depending on the clay content (fraction < 0.02 mm) in soil, described as a subgroup of ground, from
II-1 to II-3. Since not all of PHEs were specified in the Polish law, the Canadian soil quality guidelines
for the protection of environmental and human health [39] were also applied.

2.7. Fractionation Indices

The mobility factor (MF), the risk assessment code (mRAC), and the individual contamination
factor (ICF) were applied as single fractionation indices in our research. It is commonly known that the
total or pseudototal element concentration is not entirely available to biota. Thus, when determining
soil contamination, it is better to take into consideration mobile and available contents of particular
PHESs that may pose a real threat to the living organisms. Therefore, we focused in our study on the
fractionation indices more than on the indices based on the pseudototal concentration of individual
PHEs. The mobility factor (MF), the risk assessment code (RAC), and the global contamination
factor (GCF), selected from among single fractionation indices, were applied in our investigations.
The modified risk assessment code (mRAC) index and the global contamination factor (GCF), as
selected from the complex fractionation indices, were applied. A brief description of the calculation of
the geochemical fractionation indices applied in the study is given in Table 1.
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Table 1. Description of the geochemical fractionation indices applied in the study.
Index Formula Explanations Limit Values Classification Reference
Single Indices
ME = BCREg;-BCRpg—content of
Mobility factor RF1 single PHE in each No limit values The higher MF value the higher [40,41]
MF (BCRFl+BCR1;2+§/CRF3+BCRF4) fraction in % according to PHE mobility ’
x 100% the BCR procedure
%BCRE; <1 No risk
Risk t cod BCRp;—content of single 1 < %BCRg; < 10 Low risk
1 ass;sznéen code content of BCRpp PHE in exchangeable and 11 < %BCRpg; < 30 Medium risk [42]
carbonate fractions in % 31 < %BCRE; <50 High risk
%BCRp; > 50 Very high risk
PMF—content in potential
. o mobile fractions . .
Individual contamination factor [CF = BCRF1+BCRF2+BCRF3 (BCRp1-BCRy3) No limit values The higher va.lue the higher [43]
ICF BCRI . ecological risk
according to the BCR
procedure
Complex Indices
RAC;—percentage of each mRAC <1 No potential of adverse effect
. . 0o . PHE in potential mobile 1 <mRAC <10 Low potential of adverse effect
Modified r1skIa{Zs£(e:ssment codem mRAC = Z‘:#I;{:Cl fractions; Tr;—toxic 10 < mRAC < 30 Medium potential of adverse effect [37,44-48]
- response of the PHE; 30 <mRAC <50 High potential of adverse effect
n—number of PHEs mRAC > 50 Very high potential of adverse effect
. ICF—individual . .
Global contamination factor GCF = ¥ ICF contamination factor of No limit values The higher value the higher [36,43]

GCF

single PHE

ecological risk
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3. Results and Discussion

3.1. Physico-Chemical Characteristics of Soils

As described previously [17] in southern Poland, where investigations were conducted, soils
are generally classified as cambisols, podzols, and luvisols according to the World Reference Base
for Soil Resources (IUSS Working Group 2015). The measured pH values classified the investigated
agricultural soil samples as neutral in the Opolskie (pHypo range: 6.8-7.2, mean: 7.0) and Slaskie
(pHppo range: 6.8-8.3, mean: 7.0) and slightly acidic in the Matopolskie (pHppo range: 4.8-7.9,
mean: 6.50), Swietokrzyskie (pHppo range: 5.4-7.2, mean: 6.4), and Podkarpackie (pHppo range:
5.6-6.8, mean: 6.2) Regions. The content of Corg (%) in investigated soil samples ranged as follows,
with mean values in parentheses: Opolskie 1.12-3.46 (2.24), Slaskie 1.39-2.13 (1.83), Matopolskie
0.60-3.48 (1.56), Swietokrzyskie 0.62-1.37 (1.02), and Podkarpackie 1.26-1.98 (1.57). The clay content
(fraction < 0.02 mm, in %) were taken from the Main Inspectorate of Environmental Protection [49]
and ranged as follows, with mean values in parentheses: Opolskie 7.00-23.0 (15.0), Slaskie 28.0-50.0
(33.5), Matopolskie 26.0-42.0 (37.3), Swietokrzyskie 8.00-12.0 (10.7), and Podkarpackie 9.00-26.0 (17.5).
Basic statistical PHE characteristics in the investigated regions is given on Figure 2. The Se content in
all soil samples of each Region was < LOD. Minimum concentrations were also < LOD for Cd, Hg,
and Tl in the Swietokrzyskie, for Cd and Hg in the Matopolskie and Podkarpackie, and for Hg in the
Opolskie. As for the mean pseudototal content, the decreasing orders of single PHEs were as follows:
As: Slaskie > Podkarpackie > Swietokrzyskie > Opolskie > Matopolskie; Cd: Slaskie > Matopolskie >
Swietokrzyskie > Opolskie > Podkarpackie; Co: Matopolskie > Swietokrzyskie > Slaskie > Opolskie >
Podkarpackie; Cr: Slaskie > Matopolskie > Swietokrzyskie = Podkarpackie > Opolskie; Cu: Slaskie >
Matopolskie > Swietokrzyskie > Opolskie > Podkarpackie; Hg: Matopolskie > Slaskie > Swietokrzyskie
> Opolskie = Podkarpackie; Ni: Slaskie > Opolskie > Swietokrzyskie > Podkarpackie > Matopolskie;
Pb: Slaskie > Matopolskie > Opolskie > Swietokrzyskie > Podkarpackie; Sb: Matopolskie > Slaskie >
Opolskie > Swigtokrzyskie > Podkarpackie; Tl: Opolskie > Slaskie > Swigtokrzyskie > Podkarpackie >
Matopolskie; and Zn: Matopolskie > Slaskie > Opolskie > Podkarpackie > Swietokrzyskie.
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Figure 2. Pseudototal Potentially Harmful Element (PHE) contents in the agricultural soils in the Regions of southern Poland and soil quality; O—Opolskie, Sl—Slaskie,
M—Matopolskie, Sw—éwietokrzyskie, P—Podkarpackie.
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Our tests of the pseudototal PHE contents in agricultural soil samples confirmed the results of
the research conducted previously in the Regions of SE Poland: in Slaskie [28,50-53], of S Poland: in
Matopolskie [33,54-58], and of SE Poland: in Podkarpackie [59] and in Swietokrzyskie [60]. Our results
were also comparable to those obtained within the frame of the National Environmental Monitoring
System: chemical monitoring of arable soils, performed by the IUNG Institute of Soil Science and Plant
Cultivation in Putawy [49]; five measurement-control profiles of arable soils in the Matopolskie (No.
417 Wadowice-Chocznia, No. 421 Brzyczyna, No. 349 Grojec, No. 353 Pleszéw, No. 355 Posadza),
two profiles in the Slaskie (No. 335 Piekary Slaskie, No. 333 Mokre); two profiles in the Opolskie
(No. 323 Grabéwka, No. 321 Grodzisko); two profiles in the éwietokrzyskie (No. 367 Rzedow, No.
369 Niedzialki); and two profiles in the Podkarpackie (No. 387 Debno, No. 385 Nisko). Our results
were also referred to the geochemical values derived from the existing geochemical atlases of the
Matopolskie [61] and Upper Silesia [62,63].

3.2. Soil Quality

Investigated arable soil samples quality determination results are presented in Figure 2.
Considering clay content [49] and measured pH investigated soil samples from Opolskie, Swietokrzyskie
and Podkarpackie regions were classified to the soil subgroup II-1 and from Slaskie and Matopolskie
regions to the soil subgroup II-2, according to the Regulation of the Polish Minister of the
Environment [38]. The consequence of such division was that for group II-1 permissible PHE
levels were lower than for group II-2. Nevertheless, in reference to the Polish regulations, none of the
PHESs exceeded the permissible values. Consequently, the investigated soils were suitable for edible
plant cultivation. However, when considering the recommended maximum concentrations specified
in the Canadian soil quality guidelines for the protection of environmental and human health, it was
found that the guideline values were exceeded about twice for Cd, Cu, Pb, and Zn in the Slaskie and
Cd and Zn in the Matopolskie, as well as for Pb in the Slaskie and Zn in the Slaskie and Matopolskie.

3.3. Assessment of Potential Bioavailable Forms of PHEs

3.3.1. Multi-Stage Sequential Extraction: BCR Binding Forms of Soils

In the context of environmental and health protection, not only the total or pseudototal PHE
content but also the bioavailable PHE content is crucial. For that reason, the results of the BCR
extraction procedure of the investigated PHESs as the relative ratio of a fraction to the summarized
extracted fractions expressed in % are presented in Figure 3. The BCR results were not available for
Hg and Se, while the pseudototal concentrations of Se were < LOD in all the investigated samples
and those of Hg in the majority of the investigated samples. The PHE mobility was as follows, in the
decreasing order:
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Figure 3. PHE content (%) from the Community Bureau of Reference (BCR) extraction procedure as the
relative ratio of a fraction to the summarized extracted fractions expressed in the agricultural soils of
southern Poland; O—Opolskie, S1—Slaskie, M—Matopolskie, Sw—Swietokrzyskie, P—Podkarpackie.

Exchangeable and acid soluble (BCRg;): Cd > Zn > Co > Ni=5b > Cu> Tl > As > Cr = Pb,
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Reducible (BCRgp): Pb > Cd > Tl > Co > Cr > Ni > Cu > Zn > As > Sb,

Oxidizable (BCRg3): Sb > Cu > As>Ni>Co>Zn>Tl>Cr>Pb > Cd,

Residual (BCRgy): Cr > As > Tl > Ni > Cu > Co > Zn > Sb > Pb > Cd.

Since BCRp; represented the mobile PHE fraction contents, bound with exchangeable and acid
soluble forms, the absolute contents of the investigated soil samples were also given (mean values
in mg/kg), by Regions: Opolskie: As 0.57, Cd 0.32, Co 0.45, Cr 0.09, Cu 0.81, Ni 1.19, Pb < LOD, Sb
0.04, T1 0.01, Zn 72.5; Slaskie: As 0.55, Cd 0.69, Co 0.35, Cr 0.26, Cu 1.39, Ni 0.08, Pb < LOD, Sb 0.04, Tl
0.005, Zn 131; Malopolskie: As 0.05, Cd 0.67, Co 0.60, Cr < LOD, Cu 0.56, Ni 0.30, Pb < LOD, Sb 0.04,
T10.002, Zn 44.8; Swietokrzyskie: As 0.07,Cd 0.38, Co 0.57, Cr < LOD, Cu 0.50, Ni 1.02, Pb < LOD,
Sb 0.05, T10.003, Zn 9.20; Podkarpackie: As 0.14, Cd 0.20, Co 0.21, Cr < LOD, Cu 0.35, Ni 0.58, Pb <
LOD, Sb 0.04, T10.002, Zn 60.8. The mobile PHE content (BCRp;) decreased in particular Regions as
follows: As: Opolskie > Slaskie > Podkarpackie > Matopolskie = Swietokrzyskie; Cd: Podkarpackie
> Swietokrzyskie > Matopolskie > Opolskie > Slaskie; Co: Opolskie > Podkarpackie > Slaskie =
Swietokrzyskie > Matopolskie; Cr: Opolskie = Slaskie > Matopolskie = Swietokrzyskie = Podkarpackie;
Cu: Opolskie > Podkarpackie > Swietokrzyskie > Matopolskie > Slaskie; Ni: Swietokrzyskie >
Opolskie > Podkarpackie > Slaskie = Malopolskie; Sb: Swigtokrzyskie > Podkarpackie > Opolskie =
Slaskie = Matopolskie; TI: Opolskie > Matopolskie > Slaskie = Podkarpackie > Swietokrzyskie; Zn:
Podkarpackie > Opolskie > Slaskie > Swietokrzyskie > Matopolskie. For Pb in all Regions and for Cr
in the Matopolskie, Swietokrzyskie, and Podkarpackie, the mobility associated with the acid soluble
(BCRp1) extraction step was <<1%. The content of potentially mobile PHEs (the sum of the BCRp;,
BCRpy, and BCRgs; fractions) decreased in the investigated Regions as follows: As: Slaskie > Opolskie
> Podkarpackie > Swietokrzyskie > Matopolskie; Cd: Slaskie > Matopolskie > Swietokrzyskie >
Opolskie > Podkarpackie; Co: Swietokrzyskie > Malopolskie > Slaskie > Opolskie > Podkarpackie;
Cr: Matopolskie > Slaskie > Podkarpackie > Swietokrzyskie > Opolskie; Cu: Slaskie > Matopolskie >
Opolskie > Swietokrzyskie > Podkarpackie; Ni: Opolskie > Slaskie > Swietokrzyskie > Podkarpackie
> Matopolskie; Pb: Slaskie > Opolskie > Matopolskie > Swietokrzyskie > Podkarpackie; Sb: Opolskie
> Matopolskie > Slaskie > Swietokrzyskie > Podkarpackie; Tl: Opolskie > Swietokrzyskie > Slaskie >
Podkarpackie > Matopolskie; Zn: Slaskie > Matopolskie > Opolskie > Podkarpackie > Swietokrzyskie.
The majority of the PHE contents consisted in the mobile and potentially mobile forms of Cd, Co, Ni,
Pb, and Sb in southern Poland, it is in BCRp; to BCRE3 fractions). As to As, Cr, and Cu (except for
the Slaskie, Matopolskie and Swietokrzyskie), Tl (except for the Opolskie and Swietokrzyskie), and
Zn (except for the Opolskie, Slaskie, and Podkarpackie), the highest proportions of the PHE contents
were in the residual form (BCRgy step), which may have indicated a natural origin of the elements
connected with lithogenic sources.

3.3.2. One-Step Extraction

The contents of the bioavailable forms of PHESs, identified in the soil samples of the investigated
Regions, are presented in Table 2. Among the single extractants, lower element concentrations were
obtained upon applying CaCl,, in contrast to NayEDTA. Those results were comparable to the results
reported by other authors, since the unbuffered salt solution of CaCl,, simulating natural soil solutions,
was useful for the assessment of the ecological relevance of elements [19]. Moreover, Pinto et al. [64]
found that CaCl, was a thinly diluted salt solution and it could only be used as extractant for the
elements that existed in exchangeable forms and water-soluble forms. However, the other single
extraction procedure, using Na,EDTA, isolated a higher content of potentially mobile soil fraction of
PHESs. In our studies, we found some differences between the contents of bioavailable forms of PHEs in
the analyzed soils. However, significant differences were demonstrated only in respect of the contents
of Cr, Cu, Pb (CaCly) and Cd, Cu, Cr (Na,EDTA) (with significant differences at p < 0.05) (Table 2).
The highest contents of the mobile forms of PHEs were observed in the soil samples collected from
the Slaskie, except for Ni and Zn, Cd (CaCl,), with the lowest in the samples from the Podkarpackie,
except for Cu (NapEDTA), Ni (CaCly), and Zn. The potential bioavailable PHE fractions, extracted by
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CaCly, ranged as follows: Cd from 0.81% (Slaskie) to 17% (Swietokrzyskie) ; Cr from 0% (Podkarpackie
and Slaskie) to 0.25% (Opolskie); Cu from 0.01% (Slaskie) to 2.31% (Opolskie); Ni from 0.16% (Slaskie)
to 2% (Swietokrzyskie) ; Pb from 0.2% (Slaskie) to 0.49% (Opolskie); and Zn from 0.25% (Slaskie) to
2.12% (Swietokrzyskie) of the pseudototal contents of those elements. The distribution of the mobile
fractions extracted by Na,EDTA ranged as follows: Cd from 27% (Slaskie) to 91% (Matopolskie); Cr
from 0.7% (Podkarpackie) to 7.1% (Opolskie); Cu from 6.7% (Slaskie) to 98% (Opolskie); Ni from
3.6% (Slaskie) to 41% (Matopolskie); Pb from 15% (Matopolskie) to 41% (Slaskie); and Zn from 3%
(Matopolskie) to 34% (Swietokrzyskie) of the pseudototal contents of the PHEs. Among the analyzed
PHEs, Cd was potentially the most mobile and bioavailable element in the studied soils. Moreover, the
highest mobility of PHEs was found in the soils collected in the Swietokrzyskie and Opolskie Regions,
and the lowest in the Slaskie.

Table 2. Forms of PHEs that are bioavailable for plants in the agricultural soils in the Regions of
southern Poland.

PHEs

Mean Reagent O(}:lols‘lf)le S(:,a‘iki)e Me:iog(;lzs)kle Swug(i::lirgrskm Pod(l;aip:)ckle
(mg/kg) - B B B -
CaCl, 0.05 0.06 0.05 0.08 0.03
Cd NapEDTA * 0.36 2.48 0.37 0.23 0.17
BCRp; 0.32 0.69 0.67 0.38 0.2
CaCl, * 0.023 <LOD 0.003 0.003 <LOD
Cr NapEDTA * 0.64 0.25 0.20 0.15 0.13
BCRp; 0.09 0.26 <LOD <LOD <LOD
CaCl, * 0.27 0.01 0.01 0.01 0.01
Cu NapEDTA * 11.3 4.75 3.29 1.18 1.73
BCRp; 0.81 1.39 0.56 0.5 0.35
CaCl, 0.12 0.03 0.05 0.31 0.04
Ni Nap,EDTA 2.00 0.76 1.75 1.38 0.54
BCRp; 1.19 0.08 0.3 1.02 0.58
CaCl, * 0.22 0.04 0.05 0.05 0.04
Pb Nap,EDTA 155 70.9 9.32 6.25 4.68
BCRp; <LOD <LOD <LOD <LOD <LOD
CaCl, 1.32 0.79 1.34 1.30 2.08
Zn Nap,EDTA 51.7 95.6 13.8 5.49 349
BCRp; 72.5 131 44.8 9.2 60.8

<LOD below the limit of detection, * significant at p < 0.05.

3.3.3. Comparison of the Results Achieved by the Extraction Methods Applied

As it was mentioned in the Introduction above, three different extraction procedures in the
investigations were applied. To determine the actually available PHE contents in soils, we applied
extraction with 0.01 mol/dm3 CaCl,, as unbuffered salt solution, and 0.11 mol/dm® CH;COOH,
representing the first fraction of the BCR extraction procedure (BCRp;). To determine the potentially
available PHE contents in soil, 0.05 mol/dm® EDTA and the sum of BCRf; to BCRg;3 fractions of
the BCR extraction procedure were applied. As the literature specified, 0.05 mol/dm3 EDTA was
recommended for agricultural and environmental studies and 0.01 mol/dm® CaCl, for soil-plant
uptake studies [19], while the 0.11 mol/dm?® CH;COOH fraction described the exchangeable PHEs,
bound with carbonates [65]. As one can see in Table 2, the increasing amounts of individual PHEs
extracted in the Regions of southern Poland were as follows: Opolskie: Cd, Cr, Cu and Ni: CaCl, <
BCRp; < NayEDTA; Zn: CaCl, < Na,EDTA < BCRpy; and Pb: BCRp; < CaCl, < Nap,EDTA; Slaskie:
Cd, Cu, and Ni: CaCl, < BCRg; < Na EDTA; Cr and Zn: CaCl, < NapEDTA < BCRE;; Pb: BCRpg
< CaCl, < Na,EDTA; Matopolskie: Cu and Ni: CaCl, < BCRg; < NapEDTA; Cd and Zn: CaC(l, <
Nap,EDTA < BCRgg; Cr and Pb: BCRg; < CaCl, < Na,EDTA; Swietokrzyskie: Cu and Ni: CaCl, <
BCRp; < NapEDTA; Cd and Zn: CaCl, < Na,EDTA < BCRg;; Cr and Pb: BCRg; < CaCl, < NapEDTA;
Podkarpackie: Cr and Cu: CaCl, < BCRp; < Na,EDTA; Cd, Ni, and Zn: CaCl, < Nay,EDTA < BCRpy;
and Pb: BCRp; < CaCl; < NapEDTA. Generally, the increasing amounts of extracted individual PHEs
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were as follows in southern Poland: Cd, Cr, Cu, and Ni: CaCl, < BCRg; < Na EDTA; Zn: CaCl, <
NayEDTA < BCRgy; and Pb: BCRg; < CaCl, < NayEDTA. Thus, the contents of PHEs extracted in the
CaCl, reagent were equivalent to the amounts that were taken up by plants, the PHE contents extracted
with NapEDTA determined the amounts responsible for the environmental risk, and the potentially
mobile PHE contents determined by the BCR extraction procedure indicated environmental threat.

The analysis of the correlations between the contents of the bioavailable forms extracted by CaCl,,
NayEDTA, and BCRyp; is presented in Table 3. The highest correlations were observed between the
PHEs extracted by Nap,EDTA, followed by those obtained by CaCl,, which confirmed that those
contents were bioavailable. Cr and Cu, and partially Cd, Pb, and Zn, were the PHEs that correlated
with themselves in different extraction procedures. Under the same reagent procedure, strong positive
correlations were observed between the following pairs of PHEs: Cr-Pb and Cu-Pb in CaCl, extraction;
Cd—Cu, Cr—Cu, Cd-Pb, Cr-Pb, Cu-Pb, Cu—Zn, and Pb-Zn in Nay,EDTA extraction; and Pb-Zn in
BCRp;. A medium positive correlation was observed as follows: Cd-Ni, Cd-Zn, Cr-Cu, Cr-Ni, Cu-Nj,
Ni-Pb, Ni-Zn, and Pb-Zn in CaCl, extraction; Cd-Cr, Cd-Ni, Cd-Zn, Cr-Ni, and Cr—Zn in Na,EDTA
extraction; and Cd-Pb, Cu, Pb, and Cu-Zn in BCRf;, with a medium negative correlation of Ni-Pb.
Among different extraction procedures, medium positive correlations were observed in the following
pairs of PHEs: Cr-Cr, Cr—Cu between CaCl,-Na;EDTA and medium negative correlation of Ni-Zn;
Cd-Cd, Cr—Cr, Cu—Cr, Cr-Pb between CaCl,—BCRgy; and Cu-Zn, Ni-Ni, Pb—Pb, Pb-Zn and Zn-Zn
between Na,EDTA-BCRg; .
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Table 3. Analysis of the correlation between the contents of bioavailable forms (p < 0.05).
CaCl, Na,EDTA BCRpq
Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn
Cd 1.00
Cr 0.17 1.00
Cu 0.24 0.69 1.00
LN 0% 05 050 100
Pb 035 073 084 059  1.00
Zn 069 025 042 062 053  1.00
Cd 0.12 0.10 014 -015 -0.09 -030 1.00
Ccr -013 055 050 000 027 -022 066  1.00
Cu -023 018 025 -026 -0.07 -034 0.79 0.80 1.00
NoEDTAG 032 033 007 001 -008 -051 051 059 044 100
Pb 0.08 0.20 030 -015 0.06 -022 0.87 0.76 0.84 0.30 1.00
Zn -0.12  0.04 027 -028 007 -0.08 0.63 0.62 0.82 0.12 0.72 1.00
Cd 052 -020 0.04 006 -0.01 0.16 046 -0.06 012 -024 038 0.19 1.00
Cr 014 067 053 046 062 027 005 043 021 007 015 023 —002 1.0
BCRpy Cu 0.27 0.27 0.40 0.38 0.28 0.38 0.32 0.31 043 -010 043 0.36 0.41 0.47 1.00
Ni -0.05 018 -009 033 -006 -017 -0.04 -0.07 -014 051 -029 -039 0.05 015 -0.00 1.00
Pb 0.43 0.09 0.38 0.13 0.24 0.28 0.45 0.28 039 -033 067 050 052 0.13 059 -0.56 1.00
Zn 019 -0.06 0.31 -0.07 0.17 0.26 0.37 0.27 051 -033 0.51 0.83 0.43 0.28 052 -044 0.70 1.00

0 <r < 0.3 very low correlation; 0.3 < r < 0.5 low correlation; 0.5 < r < 0.7 medium correlation; 0.7 < r < 0.9 strong correlation; 0.9 < r < 1 very strong correlation.
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3.4. Principal Component Analysis (PCA) Analyses

The Principal Component Analysis (PCA), performed in respect of the soil properties and the
mobile PHE fraction, once PHEs were extracted by CaCl, and Na,EDTA, indicated similar behavior of
PHEs in the examined soil samples (Table 4). PCA allowed us to extract two principal components
(PCs), explaining the total variance of the dataset, from 56.9% (Matopolskie) to 89.3% (Slaskie). In the
soil samples collected in the Opolskie Region, PC1 explaining 50.1% of the total variance had significant
positive loadings on clay; Corg; Cr and Ni (CaCly); Cd, Cr Cu, and Ni (NapEDTA), with negative
loadings on pH and Zn (Na,EDTA). PC2 explaining 34.9% of the total variance, with a strong positive
loading for the total content of Cr; Cu; Ni; Cu (CaClp); Zn (NayEDTA) and negative loadings on the
pseudototal contents of Cd and Pb (Na,EDTA) (Table 3). The high loadings for clay, Corg and pH
suggested the impact on the mobility of trace element in the studied soils. However, the pseudototal
contents also played an essential role in the mobility of Cu, Pb, and Zn. In the soils collected from
the Slaskie Region, with PC1 explaining 51.1% of the total variance, had a strong positive loading
for Corg, the pseudototal content of Cd and Pb; Cu and Pb (CaCly); Pb and Zn (Na;EDTA), and a
significant negative loading for clay and Ni (pseudototal content, CaCl,) (Table 4). The combination of
properties in PC1 suggested the importance of Corg, with clay and the pseudototal content of Pb and
Ni influencing the behavior of Pb and Ni in soils, respectively. PC2, explaining 38.2% and more of
the total variance, had significant positive loadings on pH; Cr, Ni and Cu (NaEDTA), and negative
loadings on the pseudototal content of Cr, Cu, Zn; Cd and Zn (CaCly). The results indicated that Zn
mobility was dependent on pH, clay, and content of Cyrg, as well as the pseudototal Zn content. In the
soils collected from the Matopolskie Region, the first component (PC1) accounted for 35.1% of the
total variance, with a strong positive loading for all metal contents extracted by CaCl,, and negative
loading with pH. PC2, explaining only 21.9% of the total variance, with a negative loading for all
element contents extracted by Na,EDTA. The results indicated that the mobility of trace elements
depended on pH. In the soils collected from the Swietokrzyskie Region, PC1 explained 56.9% of the
total variance and had strong positive loadings (>0.70) on the pseudototal content of Cu, Ni, Cd, and
the mobile forms of all elements (except Cu, Pb, Zn-Na,EDTA), with strong negative loadings on pH,
clay, and Corg (Table 4). PC2 explained 20.7% of the total variance, with a strong positive loading for
pseudototal content of Zn, Pb, and their mobile contents extracted by Nay,EDTA. In the soils collected
from the Podkarpackie Region, the first component (PC1) accounted for 57.2% of the total variance,
with a strong positive loading on pH, Corg, the pseudototal content of Cu, Ni, Cu, Pb (CaCly), and all
element contents extracted by Na,EDTA, as well as negative loading with Cd (CaCl,) (Table 3). PC2,
explaining 28.6% of the total variance with a negative loading for clay and the pseudototal content of
Cr and a positive loading on the pseudototal content of Pb, Zn, and the mobile forms of Zn extracted
by CaCly. The results indicated that the mobility of PHEs generally depended on the pH and Corg
contents, while the mobility of Cu and Zn depended on the pseudototal contents of those elements
in soils. Cr extracted by CaCl, was not treated by the PC analysis due to the fact that the Cr(IlI) and
Cr(VI) forms were not investigated separately.
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Table 4. Component matrix of variables (1 = 30).

Variables Opolskie Slaskie Malopolskie Swigtokrzyskie Podkarpackie
PCA1 PCA2 PCA1 PCA2 PCA1 PCA2 PCA1 PCA2 PCA1 PCA2
pHka ~0.99. 0.04 0.41 0.86 -0.92 ~0.05 -0.88 ~0.09 0.79 ~0.46
clay 0.79 0.61 —0.89 0.41 —0.49 0.01 —0.69 0.13 0.48 -0.87
Corg 0.86 -0.10 0.95 -0.19 0.12 0.48 -0.82 0.51 0.83 —0.44
cd 0.30 -0.77 0.83 0.31 ~0.34 —0.17 0.88 ~0.28 0.50 —0.64
Cr —0.08 0.96 ~0.38 -0.78 0.18 ~0.28 ~0.50 ~0.56 0.02 -0.99
Cu —0.02 0.99 0.51 -0.86 -0.55 0.54 0.73 0.05 0.91 0.33
Ni 0.58 0.81 —0.80 ~0.38 0.48 ~0.30 0.84 0.08 0.98 0.06
Pb 0.56 -0.12 0.95 0.27 035 ~0.03 —0.22 0.90 0.19 0.81
7n 0.01 1.00 ~0.16 -0.98 ~0.49 ~0.29 —0.24 0.94 0.05 0.86
Cd CaCl, ~0.54 ~0.49 ~0.28 -0.96 0.71 ~0.19 0.95 —0.21 -0.93 0.25
Cr CaCl, 0.93 ~0.13 - - 0.72 0.16 0.94 —0.12 - .
Cu CaCl, 0.06 0.98 0.86 0.27 0.90 ~0.02 0.86 0.05 0.79 0.38
Ni CaCl, 0.82 0.54 —0.74 ~0.40 0.92 -0.15 0.90 ~0.15 ~0.06 0.69
Pb CaCl, —0.65 —0.57 0.78 0.08 0.89 -0.18 0.95 -0.13 0.79 0.38
Zn CaCl, —0.89 0.03 0.24 -0.97 0.92 ~0.29 0.91 ~0.08 ~0.06 0.96
Cd Na,EDTA 0.92 ~0.40 0.93 ~0.30 ~0.12 0.96 0.85 0.45 0.77 0.17
Cr NayEDTA 0.95 —0.09 0.43 0.85 0.05 0.67 0.88 0.34 0.96 —0.27
Cu Na,EDTA 0.94 0.33 0.63 0.70 ~0.12 0.97 0.14 0.50 1.00 ~0.07
Ni Na,EDTA 1.00 0.06 —0.47 0.88 ~0.20 0.87 0.92 0.08 0.98 ~0.11
Pb Na,EDTA 0.07 -0.90 0.73 -0.68 0.06 0.83 -0.16 0.80 0.97 ~0.23
Zn Na,EDTA 0.06 0.77 0.91 0.27 ~0.14 0.78 0.45 0.82 0.99 ~0.09
Total variance % 50.1 349 51.1 38.2 35.1 219 56.9 20.7 57.2 28.6
Cumulative 50.1 85.1 51.1 89.3 35.1 56.9 56.9 77.6 57.2 85.8

variance %

Factor loadings exceeding > 0.6 or < —0.6 are shown in bold; - not taken for PC analysis.

18 of 24
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3.5. Geochemical Fractionation Indices

While the focus of our study concentrated on the determination of mobile and bioavailable
PHE contents in agricultural soils, we also applied geochemical fractionation indices in our studies.
The values of the calculated mobility factor (MF) for individual PHEs (Table 5) were the highest for Cd
and Zn in all the Regions, as well as for Co in the Opolskie: to put it precisely, the MF values were
equal to the following proportions: Opolskie: Cd 31.1%, Zn 31.0%, and Co 13.8%; Slaskie: Cd 30.6%
and Zn 23.7%; Matopolskie: Cd 31.5%; Swietokrzyskie: Cd 32.0% and Zn 13.0%; and Podkarpackie:
Zn 37.1% and Cd 36.7%. The high values of the MF factor indicated that the respective PHEs, found in
the described locations, were the most mobile among the investigated elements, showing potential
threat to biota, surface, and groundwater contamination [41].

Table 5. The mobility factor (MF) values of individual PHEs of the agricultural soils in the Regions of
southern Poland.

MF Opolskie Slaskie Matlopolskie ~ Swietokrzyskie Podkarpackie
n=4) n=4) (n=12) (n=6) n=4
As 8.26 4.76 0.99 0.99 1.96
Cd 31.1 30.6 315 32.0 36.7
Co 13.8 9.09 8.26 9.09 9.91
Cr 0.99 0.99 0.00 0.00 0.00
Cu 6.54 1.96 1.96 291 3.85
Ni 6.42 0.39 7.18 6.30 3.85
Pb 0.00 0.00 0.00 0.00 0.00
Sb 291 291 291 4.76 4.76
Tl 6.54 291 3.85 1.96 291
Zn 31.0 23.7 9.09 13.0 37.1

As to other PHEs found in the investigated Regions, the values of the MF factors were <10%,
indicating low element mobility and high stability under specific soil conditions, even when high
pseudototal PHE concentrations were determined [66]. The mobility of PHEs followed the next orders,
according to the calculated MF values: Opolskie: Cd > Zn > Co > As > Cu > Tl > Ni > Sb > Cr >
Pb; Slaskie: Cd > Zn > Co > As > Sb > Tl > Cu > Cr > Ni > Pb; Matopolskie: Cd > Zn > Co > Ni >
Tl > Sb > Cu > As > Cr > Pb; Swietokrzyskie: Cd>Zn>Co>Ni>Sb>Cu>Tl>As>Cr>Pb;
Podkarpackie: Zn > Cd > Co > Sb > Cu > Ni > Tl > As > Cr > Pb. In southern Poland, the highest
MEF values were identified for Cd (31.6%) and Zn (21.0%), indicating that those elements were the
most mobile. Other PHEs followed the order: Co > Ni > Tl > As > Sb > Cu > Cr > Pb, while their
MF values were <10%, indicating that those elements were not readily available under the existing
soil conditions. The values of the calculated RAC index (Table 6) indicated that the investigated soils
were characterized by very high ecological risks for Cd and Zn in the Podkarpackie Region, while
high ecological risks were determined for Cd in the Opolskie, Slaskie, Matopolskie, and Podkarpackie,
with Zn in the Opolskie and Slaskie. Medium ecological risks were established for Co in the Opolskie
and Podkarpackie and for Zn in the ‘Swietokrzyskie. Low ecological risks were identified for As, Cr,
Cu, Ni, Sb, and Tl in the Opolskie, for As, Co, Cr, Cu, Ni, Sb, and Tl in the Slaskie, for As, Co, Cu, Ni,
Sb, and TI in the Matopolskie and Swietokrzyskie, and additionally for Zn in the Matopolskie. No
ecological risk was identified for Pb in all the five Regions, or Cr in the Malopolskie, Swietokrzyskie,
and Podkarpackie. The modified RAC index (mRAC) revealed a high potential of adverse effects in
the investigated soils of the Podkarpackie and a medium potential of adverse effects in the Opolskie,
Slaskie, Matopolskie, and éwietokrzyskie, in reference to the contents of all the PHEs analyzed (Table 6).
The factor described above took into consideration only the PHE content, bound with the exchangeable
and acid soluble fraction of elements (BCRp; fraction of the BCR extraction procedure). Thus, we also
used the ICF factor in our investigations that took into account the potentially mobile fractions of PHEs
(BCRp1—-BCRg3 fractions of the BCR extraction procedure). The calculated values of the ICF factor
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(Table 7) arranged PHEs in the following decreasing order of potential adverse effect risks: Opolskie:
Pb > Cd > Zn > Sb > Cu > Tl > Ni > Co > As > Cr; Slaskie: Cd > Pb > Zn > Sb > Co > As > Ni > Cu >
T1 > Cr; Malopolskie: Cd > Sb > Pb > Co> Ni> Cu>Cr > As>Zn > T|; Swietokrzyskie: Cd>"Pb>
Co > Sb > Tl > Ni > Cu > Zn > As > Cr; and Podkarpackie: Cd > Pb > Sb > Zn > Cu > Co > Ni > Tl >
As > Cr. Finally, looking at the GCF factor (Table 7), the decreasing order of the Regions described
by the potential adverse effect risks of all PHEs in the investigated soils was as follows: Opolskie >
Podkarpackie > Swietokrzyskie > Slaskie > Matopolskie.

Table 6. Ecological risk of PHESs in soils, according to the risk assessment code (RAC) and modified
RAC (mRAC) indices.

RAC Opolskie Slaskie Malopolskie ~ Swigtokrzyskie —Podkarpackie
n=4) n=4) n=12) (n=06) n=4)
As low low low low low
Cd high high high high very high
Co medium low low low medium
Cr low low no risk no risk no risk
Cu low low low low low
Ni low low low low low
Pb no risk no risk no risk no risk no risk
Sb low low low low low
Tl low low low low low
Zn high high low medium very high
medium medium medium medium medium
mRAC potential of potential of potential of potential of potential of

adverse effect adverse effect adverse effect adverse effect adverse effect

Table 7. Potential adverse effect risks, according to the individual contamination factor (ICE) and
global contamination factor (GCF) indices.

ICE Opolskie Slaskie Matopolskie  Swietokrzyskie Podkarpackie
n=4) n=4 (n=12) (n=26) n=4)

As 1.00 1.00 0.59 0.47 0.72
Cd 32.3 19.0 9.00 240 49.0
Co 1.13 1.22 1.44 3.00 1.44
Cr 0.64 0.35 0.72 0.35 0.49
Cu 4.56 0.82 0.79 1.00 2.23
Ni 1.70 0.89 0.89 1.17 1.04
Pb 49.0 3.00 1.59 3.76 15.7
Sb 4.88 1.94 3.17 3.00 7.33
Tl 2.70 0.75 0.32 1.22 1.04
Zn 717 2.16 0.52 0.79 6.14

GCF 105 31.1 19.0 38.8 85.1

4. Conclusions

The following conclusions were derived, based on the investigations of agricultural soils samples
taken from the depth of 0-25 cm each, particularly where edible plants were cultivated in southern
Poland. The measured pH values classified the investigated samples of arable soils as neutral (Opolskie
and Slaskie) and slightly acidic (Matopolskie, Swietokrzyskie, and Podkarpackie). The highest
pseudototal contents of PHEs were stated in Slaskie and Matopolskie regions for Cd, Cu, Pb, and Zn
that can be related with the geochemistry of these regions and particular soil properties. None of
PHESs exceeded the permissible content, in reference to the Polish soil quality standards. However,
considering the Canadian soil quality guidelines for the protection of environmental and human health,
it was revealed that contents of Cd, Cu, Pb, and Zn in the Slaskie and Cd and Zn in the Matopolskie
Regions were higher than recommended. However, calculated geochemical fractionation indices
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revealed that in southern Poland Cd and Zn were the most mobile according to mobility factor (MF)
values: Cd (31.6%) and Zn (21.0%). Other PHEs were not readily available under the existing soil
conditions their MF values were <10%. Based on the risk assessment code (RAC) values of very high
Cd and Zn ecological risks were determined in the Podkarpackie and a high Cd ecological risk in the
Opolskie, Slaskie, Matopolskie, and Podkarpackie Regions, as well as a high Zn risk in the Opolskie and
Slaskie. The modified risk assessment code index (mMRAC) values revealed a high potential of adverse
effects in the soils of the Podkarpackie and a medium potential of adverse effects in the Opolskie, Slaskie,
Matopolskie, and Swietokrzyskie, in reference to contents of all the PHEs analyzed. The decreasing
order of the potential adverse effect risk, in reference to the single geochemical fractionation index
(ICF), was as follows: Opolskie: Pb > Cd > Zn > Sb > Cu > Tl > Ni > Co > As > Cr; Slaskie: Cd > Pb >
Zn > Sb > Co > As > Ni > Cu > Tl > Cr; Matopolskie: Cd > Sb > Pb > Co > Ni > Cu > Cr > As > Zn >
TL; Swietokrzyskie: Cd > Pb > Co > Sb > Tl > Ni > Cu > Zn > As > Cr, and Podkarpackie: Cd > Pb >
Sb > Zn > Cu > Co > Ni > Tl > As > Cr. The global geochemical fractionation index (GCF), describing
the potential adverse effect risks of all the PHEs were ordered decreasingly as follows: Opolskie
> Podkarpackie > Swietokrzyskie > Slaskie > Matopolskie. The probable source of the detected
ecological risk of Cd and Zn, in the regions where it was not caused by the geological background,
was phosphate mineral fertilizers applications in agriculture. It has to be stated in conclusion that,
apart from the mobile and potentially mobile contents of the elements determined under the extraction
procedures, the bioavailability strongly depended on soil properties and the pseudototal concentration
of individual elements.
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