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Abstract: The origin and bioavailability of nickel (Ni), chromium (Cr), and cobalt (Co) have been
assessed in the Čemernica River basin among the following soil types: Leptosol on serpentinite and
Fluvisol, Vertisol, and Leptosol on sandstone. Alongside the impact of serpentine rocks, part of the
region also displays significant anthropogenic activity. A sequential analysis following the modified
BCR procedure identified four fractions of heavy metals: F1—exchangeable and acid-soluble, F2—
bound to Fe and Mn oxides, F3—bound to organic matter, and F4—residual. The overall content of Ni,
Cr, and Co in the soil increases in the following order: Leptosol on sandstone, and Vertisol, Fluvisol,
Leptosol on serpentinite. In most samples, the values exceed the maximum allowable concentrations
in legal regulations, while in some samples, particularly in serpentine soils, they also exceed the
remediation thresholds. The average contribution of nickel in the overall content decreases as follows:
F4 > F2 > F3 > F1, chromium as F4 > F3 > F2 > F1, and cobalt in the most samples as F2 > F4 > F1 > F3.
The percentage of Ni, Cr, and Co in the fractions of different soil types is similar to that in serpentine
soils, though the absolute contents vary significantly, indicating a common origin, which is mostly
geochemical. According to the Risk Assessment Code, most samples exhibit a low bioavailability risk.

Keywords: potentially toxic elements (PTEs); nickel; chromium; cobalt; sequential extraction; DTPA
extractable elements; potential metal availability; serpentine; soil pollution

1. Introduction

Nickel, chromium, and cobalt are elements with a similar distribution in the parent
material. In soil, their content varies depending on the geological base, pedogenesis
processes, and anthropogenic factors.

The composition of the geological substrate largely determines the content of elements.
Nickel, chromium, and cobalt occur particularly in large quantities in ultrabasic rocks,
where they bind to ferromagnesian minerals through isomorphic substitution [1,2]. Meta-
morphic and sedimentary rocks formed by the disintegration, transport, deposition, and
transformation of material from ultrabasic rocks have high levels of Ni, Cr, and Co, as well
as Fe, Mn, and Mg [3–7]. With a decrease in ferromagnesian minerals and other components
that carry Cr, Ni, and Co in the substrate, the natural content decrease, so acidic igneous
rocks, sandstones, and limestones have the lowest element concentrations [1].

In addition to the natural content, numerous anthropogenic activities contribute to
the presence of these elements. The primary anthropogenic sources of Ni, Cr, and Co in
soil include industrial and energetic facilities, as well as traffic and intensive agriculture
measures, irrigation with contaminated water, and the application of organic, industrial
and communal waste and wastewater [8,9]. In the research area within the city of Čačak,

Land 2024, 13, 2075. https://doi.org/10.3390/land13122075 https://www.mdpi.com/journal/land

https://doi.org/10.3390/land13122075
https://doi.org/10.3390/land13122075
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0003-3430-9412
https://orcid.org/0000-0003-0962-5595
https://doi.org/10.3390/land13122075
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land13122075?type=check_update&version=2


Land 2024, 13, 2075 2 of 23

the periodic monitoring of environmental conditions has recorded concentrations of PM10
fractions and settled particulate matter (containing the studied elements) that exceed the
allowable and tolerance limits. The measured values have been linked to emissions from
vehicle exhaust and heat energy production facilities.

Determining the origin of heavy metals is important because they are from geochemical
sources and are mostly found in forms with low mobility in soil (such as oxides, sulfides,
and silicates), while metals from anthropogenic sources are often present in forms that are
more accessible (soil solution, exchangeably adsorbed, in soluble organic complexes) [10].

Using sequential chemical extraction methods of nickel, several authors note that
uncontaminated soils are characterized by a high proportion of the metal in the residual
fraction [3,11,12]. Around 50% of Ni in soils and sediments may be linked to the residual
fraction, 20% to the Fe/Mn oxides fraction, while the remainder is associated with the
carbonate, exchangeable, and organic fractions [13]. The concentrations of Cr in the residual
fraction are often higher than those of Ni, as Cr is found in minerals more resistant to
decomposition [14]. Additionally, due to the narrower range of pH and Eh values at
which Cr is mobile in soils, its presence in the residual fraction is higher than that of
Ni [10–16]. On the other hand, in contaminated soils, metals are more prevalent in more
easily soluble fractions compared to uncontaminated soils [17]. In soils impacted by
wastewater sludge, a significant increase in Cr associated with hydroxides and organic
matter has been observed [1].

In addition to sequential analysis, the bioavailability and ecotoxicity of elements can
also be determined by methods of the individual extraction of elements, such as methods
using strong chelating extraction reagents, such as DTPA. The DTPA values of exchangeable
elements vary in different soils depending on the soil pH, redox conditions, and the content
and type of organic matter and clay [1,10]. With this extractant, in most of the tested soils,
less Ni and Co are extracted compared to the most mobile fraction of the sequential analysis
F1 [11].

In terms of the cobalt distribution across chemical fractions, it has been established that
due to the strong affinity of Fe and Mn oxides for Co, the reducible fraction is dominant, as
confirmed in numerous studies. Serpentine soils were examined, and it was noted that, in
comparison to Cr and Ni, Co exhibited a much higher affinity for the Mn oxide fraction of
soils, in addition to its abundance in the residual fraction [17,18]. Determining the origin
and mobility of elements is particularly important in soils rich in heavy metals, as they
have a potentially greater harmful impact on the environment.

In Western Serbia, in the Čemernica River basin and the Zapadna Morava valley,
previous studies have shown elevated concentrations of Ni and Cr in soils [19–21]. In this
area, serpentinite rocks are found in the northern and central parts of the Čemernica River
basin, which influences the surrounding region. Additionally, anthropogenic pollution
from major roads (intense local and transit road traffic, including the A1 highway, part of
the European road network), intensive agricultural production (the use of chemicals in the
cultivation of vegetable, field, and fruit crops, especially on Vertisols and Fluvisols), and
urbanization (the city of Čačak with facilities for heat energy production) is present.

The aims of this study are to analyze the content of Ni, Cr, and Co in the most
prevalent soil types on different geological substrates (spatial and vertical distribution)
to determine their dynamics under varying environmental conditions and predict their
origin. It also seeks to examine the chemical binding of these elements to the solid phase
of the soil, using single (DTPA) and sequential (BCR) extraction methods to assess their
bioavailability, mobility under changing environmental conditions, potential toxicity, and
to identify anthropogenic pollution sources. Additionally, the study evaluates the impact
of an increased element content and the environmental consequences based on the level of
area contamination and the enrichment factors of the soil.

The novelty of this study can be observed through the analysis of the geochemical
distribution of Ni, Cr, and Co in the studied soil types, as a consequence of the geological
substrate containing high concentrations of these elements, which has not been sufficiently
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investigated so far. Particular significance and novelty lie in the analysis of cobalt binding
forms to soil components, which exhibit specific characteristics compared to other elements.
Additionally, the combination of various methods, including single and sequential extrac-
tions, the calculation of different indices, and the analysis of the data by soil depth, has
enabled a more comprehensive and detailed understanding of the origin, bioavailability,
and impact of these elements on the environment under the specific conditions of the Če-
mernica basin. This research provides the opportunity to interpret the origin of potentially
toxic elements (PTEs) for the entire West Morava River basin, which is characterized by
a specific geological substrate. The results also contribute to a broader understanding
of the mechanisms of PTE distribution and mobility, particularly in areas with similar
geological characteristics.

The underlying hypotheses propose that the concentration of different forms of Ni, Cr,
and Co is influenced by the soil type and that the geochemical origin of these elements is
predominant in the investigated area.

2. Materials and Methods
2.1. Study Sites

The study area is located in Western Serbia. It encompasses the Čemernica River basin
and the Zapadna Morava valley up to Konjević. The map of the areas studied is show
in Figure 1. The geolocation data of sampling points: P1 (437644, 4875900); P2 (452936,
4860832); P3 (444365, 4865785); P4 (450982, 4879217); P5 (444178, 4867379); P6 (444493,
4864420); P7 (445814, 4862621); P8 (438401, 4885680); P9 (439183, 4874928); P10 (438923,
4872545); P11 (444368, 4884068); and P12 (442766, 4885259). The terrain has altitudes
ranging from 300 to 985 m.a.s.l. [22].
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Figure 1. Map of study areas (pedology map).

The examined Čemernica River basin spans 41 km with an asymmetric river basin
and river system. The Čemernica originates between the Maljen and Suvobor mountains,
which are composed of serpentinite rocks. The geological composition of these serpentinite
rocks influences the composition of the surrounding soil, especially the composition of
alluvial deposits transported and deposited in the Zapadna Morava valley. The selected
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locations were based on previous research regarding PTEs’ content, land use, and prevalent
soil types in the basin [19].

2.2. Sampling, Pre-Treatment, and Analysis of Soil

Field research was carried out from July to August 2020. Samples were taken at depths
of 0–10 cm, 10–30 cm, and 30–60 cm at twelve locations from different soil types, which
were classified according to the World Reference Base (WRB—World Reference Base, IUSS
Working Group, 2015): Fluvisol (P1, P2, and P3), Vertisol (P4, P5, P6, and P7), Leptosol on
serpentinite (P8, P9, and P10), and Leptosol on sandstone (P11 and P12) [23]. Composite
samples were collected from all locations. Each composite sample (P1 to P12) was analyzed
in the laboratory with three replicates.

After sampling, the samples were air-dried, ground, and sieved through a 2 mm mesh,
and all the specified analyses were performed on these prepared samples. Soil texture
was determined by pipette method with 0.4 mol L−1 tetrasodium diphosphate (Na4P2O7)
(International B (documented)). Particle size was determined by Atterberg and texture
classes were classified according to the International Soil Texture Triangle (USA, 1993).
Soil pH was measured with a glass electrode pH meter (in H2O 1:5 v/v, in 1 mol L−1

KCl 1:5 v/v) [24] Cation exchange capacity (CEC) was measured by saturating the soil
with 1 mol L−1 ammonium acetate at pH 7 [25]. SOM content was determined by dry
combustion SRPS ISO 10694:2005 [26].

2.3. Fractionation of the Studied Metals

The content of Ni, Cr, and Co in soil samples was determined using inductively
coupled plasma-atomic emission spectrometry (ICP-AES) [27] after extraction with DTPA
(diethylenetriaminepentaacetic acid) buffer solution [28], and for pseudototal (total) form,
with digestion of samples with nitric acid and hydrogen peroxide [29]. The total form of Fe
and Mn was determined using the same method as for the previously mentioned elements.

The extraction of metals was performed using the DTPA-TEA method. For each
sample, 10.0 g of soil was weighed into extraction vessels, followed by the addition of
20.0 mL of DTPA extraction solution. The extraction solution was prepared by combining
0.005 M DTPA, 0.01 M CaCl2, and 0.1 M TEA (triethanolamine—(HOCH2CH2)3N), adjusted
to pH 7.3 using diluted HCl. The mixture was shaken at 25 ◦C for exactly 2 h to ensure
thorough extraction. After shaking, the solution was filtered through fine-porosity filter
paper into clean vessels, discarding the initial portion of the filtrate. If necessary, the filtrate
or unfiltered extract was transferred to centrifuge tubes and centrifuged at 3000 rpm for
approximately 10 min to obtain a clear solution.

To ensure quality control, blank samples and the reference soil sample ERM–CC141
LOAM SOIL were used. The ICP Calibration Standard (IV) with 23 components (CPA
Chem) was used for calibration on the Thermo Scientific iCAP 6300–ICP-OES. The mea-
surement range for Ni was 0.4–10,000 mg kg−1, for Cr was 0.3–10,000 mg kg−1, and for Co
was 0.1–10,000 mg kg−1. The obtained concentrations of Ni, Cr, and Co were compared
with threshold values [30] and remediation values [31].

Using sequential analysis based on the modified BCR procedure, four fractions of
heavy metals were determined, in which metals are bound to specific soil components
with varying strengths [32]: Step 1 (fraction soluble in acid—metals exchangeable or
associated with carbonates)—each 1 g of sample was added 40 mL of 0.11 mol L−1 acetic
acid solution, with agitation for 16 h at 22 ◦C; the extract was separated from the solid phase
by centrifugation at 3000 rpm for 20 min, and the supernatant stored for later analysis. Step
2 (reducible fraction—metals associated with oxides of Fe and Mn)—residue from stage 1
was added to 40 mL of 0.5 mol L−1 acid hydroxyl ammonium chloride solution (pH 1.5);
the suspension was then agitated for 16 h at 22 ◦C, and the extract was separated from the
solid phase by centrifugation, as described for stage 1. Step 3 (oxidizable fraction—metals
associated with organic matter and sulfides)—residue from stage 2 was added to 10 mL
of 8.8 mol L−1 H2O2 solution (pH 2–3), and the mixture was left at room temperature for
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1 h, then heated to 85 ◦C for 1 h in a water bath, and then the volume was reduced to
2–3 mL by the further heating in a water bath. Another 10 mL portion of 8.8 mol L−1 H2O2
solution was added, and the mixture was heated to dryness at 85 ◦C for 1 h. After cooling,
50 mL of 1.0 mol L−1 solution of ammonium acetate (pH 2) was added to the residue,
followed by agitation for 16 h at 22 ◦C. The extract was separated from the solid phase by
centrifugation, as above. After the first three extraction steps, extract was separated from
solid residue by centrifugation at 3000 rpm for 10 min, supernatant was decanted, diluted
to 50 mL with 1 mol L−1 HNO3, and stored in a polyethylene bottle at 4 ◦C until metal
analysis. The residue was washed with 20 mL deionized water and shaken for 15 min,
followed by centrifugation for 10 min at 3000 rpm. The supernatant was decanted and
discarded, acting cautiously not to discard any solid residues. In this way, the residue
was prepared for the next BCR. Step 4 (residual fraction—metals strongly associated with
the crystalline structure of minerals)—the stage 3 residue was digested using 20 mL of
concentrated HNO3 at approximately 100 ◦C on a hot plate, and after cooling for 15 min,
3 mL of H2O2 was added, allowing it to react with the mixture. Heating continued for
another hour with gentle stirring using a magnetic stirrer with a glass rod. The procedure
was repeated by heating to 100 ◦C and adding another 3 mL of H2O2 after cooling. The
final residue was filtered to 50 mL and stored in a polyethylene bottle at 4 ◦C until metal
analysis. The digestion of the residual material was not specified in the BCR protocol. By
summing all four fractions of each element, the term “sum of fractions (∑F1–F4)” was
obtained and is used in this paper.

2.4. Indices for Soil Contamination Assessment
2.4.1. Risk Assessment Code (RAC)

The Risk Assessment Code (RAC) is applied to assess the mobility and bioavailability
of potentially toxic elements. It reflects the proportion of metals present in the most mobile
fraction of sediment compared to their total concentration. The RAC values were analyzed
and interpreted based on the approach outlined by Perin et al. and are classified into five
categories based on risk levels [33,34].

RAC = (C F1/C tot) × 100% (1)

where C F1 is the measured content of elements in the first phase of sequential extraction
and C tot is the content of potentially toxic elements across all phases.

2.4.2. Soil Contamination Factor (CF)

The contamination factor (CF) is the ratio obtained by dividing the concentration of
potentially toxic elements (PTEs) in soil by their reference values [35,36].

(CF = CS/CRefS) (2)

where CS is the total concentration of elements in the soil and CRefS is the reference
concentration of elements in uncontaminated soils.

Reference concentrations are taken from the regulations of the Republic of Serbia (Ni
(50), Cr (100), and Co (50) [30] in units of mg kg−1.

2.4.3. Enrichment Factor (EF)

To assess the anthropogenic impact on the geochemical characteristics of soil, the
enrichment factor (EF) was calculated.

EF = (Ci/Cr)/(Bi/Br), (3)

where Ci represents the measured concentration of an element in the soil sample, Cr is the
background value for that element, Bi is the measured concentration of the reference metal
in the soil sample (Fe), and Br is the background value for the reference metal (Fe).
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Background values were obtained using the Mean + 2 MAD (Median Absolute Devia-
tion) method for the study area (Ni = 284.47; Cr = 150.32; Co = 33.82; Fe = 32,698.32 mg kg−1).
The contamination level based on EF is categorized as follows: A value of approximately 1
indicates PTEs originating from earth materials or natural weathering processes. Further,
EF is categorized into classes: Class I: EF < 1.5 (no enrichment), Class II: EF = 1.5–3 (mi-
nor enrichment), Class III: EF = 3–10 (moderate enrichment), Class IV: EF = 5–10 (severe
enrichment), and Class V: EF > 10 (very severe enrichment) [11,37–39].

2.5. Statistical Analysis

Statistical analyses were performed using basic descriptive statistics, correlations,
and the analysis of variance (ANOVA) using the IBM SPSS software package, version
22. Duncan’s multiple range tests were used to compare the means of the values in each
soil type.

3. Results
3.1. Quality Control of Analysis

The reference soil (ERM-CC141 loam soil, Belgium) was analyzed to verify the results
of the total content of the analyzed elements; the PTEs’ recovery ranged at 92% for Cr,
98% for Ni, and 109% for Co. The accuracy of the sequential extraction procedure was
assessed by the recovery of the total metal content as the sum of a particular element from
the three fractions. The average recovery was: 89% for Cr, 97% for Ni, and 117% for Co.
Quantification limits were calculated based on the absorbance for the lowest standards—
1 µg/mL. The quantification limits for Ni, Cr, and Co were 0.052 mg/kg, 0.048 mg/kg, and
0.054 mg/kg, respectively.

3.2. Basic Characteristics of Soil in the Study Area

Table 1 presents the Basic Fertility Parameters of the Studied Soil Types.

Table 1. Basic Fertility Parameters of the Studied Soil Types.

Soil Depth [cm] Statistic pH in KCl SOM Clay * Total Sand * CEC Fe * Mn *

Fluvisol

0–10 n = 3

Mean 5.48 5.05 35.00 28.30 32.61 25,711.40 820.09

Std. Dev. 0.75 1.04 9.82 5.47 7.70 1301.21 124.94

Minimum 4.78 3.88 24.80 22.00 24.90 24,533.85 682.96

Maximum 6.27 5.86 44.40 31.80 40.30 27,108.37 927.46

10–30 n = 3

Mean 5.00 3.38 37.27 26.47 30.53 26,243.36 898.66

Std. Dev. 0.70 0.81 11.12 6.73 6.61 2827.05 204.07

Minimum 4.35 2.45 26.50 18.70 23.60 23,296.82 744.42

Maximum 5.75 3.88 48.70 30.60 36.70 28,933.43 1130.06

30–60 n = 3

Mean 4.64 1.61 48.43 19.53 35.69 29,961.66 606.34

Std. Dev. 0.77 0.53 4.97 4.90 7.00 3209.20 111.37

Minimum 4.02 1.20 42.70 13.90 27.60 26,572.12 529.09

Maximum 5.50 2.21 51.30 22.80 40.20 32,953.44 734.01

Mean of type soil 5.18 a 2.86 a,b 40.08 a 25.16 c 32.71 a 26,742.44 b 757.99 b

Vertisol 0–10 n = 4

Mean 5.36 2.51 39.38 30.93 28.10 20,477.53 636.72

Std. Dev. 1.16 0.35 10.39 9.13 1.70 5612.38 67.14

Minimum 4.45 2.21 26.50 24.80 26.90 13,206.83 539.53

Maximum 7.06 2.84 50.60 44.50 29.30 26,867.86 693.20
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Table 1. Cont.

Soil Depth [cm] Statistic pH in KCl SOM Clay * Total Sand * CEC Fe * Mn *

Vertisol

10–30 n = 4

Mean 5.39 2.46 40.38 30.75 28.28 20,671.16 685.39

Std. Dev. 1.25 0.47 10.46 9.30 4.23 5441.04 129.69

Minimum 4.32 1.85 27.40 23.70 25.30 13,987.21 517.28

Maximum 7.19 2.94 49.30 44.40 31.30 27,251.79 832.42

30–60 n = 4

Mean 5.26 1.37 43.52 29.38 30.69 22,422.16 590.51

Std. Dev. 1.43 0.43 6.45 7.20 3.40 7875.85 104.35

Minimum 4.10 0.83 34.70 23.80 28.30 17,079.24 496.76

Maximum 7.34 1.89 50.20 39.50 33.10 33,959.81 711.30

Mean of type soil 5.33 a 2.12 b 41.09 a 30.35 b,c 29.02 a 21,190.28 c 637.54 b

Leptosol on
serpentinite

0–10 n = 3

Mean 5.71 5.95 28.47 40.47 30.39 34,450.97 908.66

Std. Dev. 0.42 1.55 8.38 14.52 5.08 6639.60 183.43

Minimum 5.40 4.33 21.60 24.10 26.80 27,047.90 788.82

Maximum 6.18 7.40 37.80 51.80 34.00 39,878.83 1119.82

10–30 n = 3

Mean 5.64 4.05 29.83 35.37 29.86 39,132.03 887.76

Std. Dev. 0.43 1.09 9.58 10.97 3.17 1944.27 220.72

Minimum 5.25 2.86 22.60 23.20 27.60 37,695.44 705.86

Maximum 6.11 4.99 40.70 44.50 32.10 41,344.43 1133.31

30–60 n = 3

Mean 5.81 1.70 32.74 39.63 32.43 44,388.30 893.08

Std. Dev. 0.47 1.18 16.05 15.89 8.53 5847.84 44.19

Minimum 5.30 0.72 21.33 23.10 26.40 37,826.88 859.56

Maximum 6.22 3.02 51.10 54.80 38.50 49,050.33 943.16

Mean of type soil 5.72 a 3.90 a 30.35 b 38.49 b 30.89 a 39,323.77 a 896.50 a

Leptosol on
sandstone

0–10 n = 2

Mean 4.17 2.61 21.05 55.90 16.25 15,665.28 726.19

Std. Dev. 0.35 0.45 4.74 2.97 0.73 4243.01 144.40

Minimum 3.92 2.30 17.70 53.80 15.70 12,665.02 624.08

Maximum 4.41 2.93 24.40 58.00 16.80 18,665.54 828.29

10–30 n = 2

Mean 4.16 1.72 22.55 50.85 13.80 18,201.00 780.30

Std. Dev. 0.34 0.17 4.45 0.35 1.60 3161.56 220.13

Minimum 3.92 1.60 19.40 50.60 12.70 15,965.45 624.64

Maximum 4.40 1.85 25.70 51.10 14.90 20,436.56 935.95

30–60 n = 2

Mean 4.20 1.21 21.10 51.05 15.34 15,046.70 704.33

Std. Dev. 0.47 0.58 0.85 4.45 1.79 1430.90 61.41

Minimum 3.86 0.80 20.50 47.90 14.10 14,034.90 660.90

Maximum 4.53 1.62 21.70 54.20 16.60 16,058.50 747.75

Mean of type soil 4.17 b 1.85 b 21.57 c 52.60 a 15.13 b 16,304.33 d 736.94 b

SOM: Soil organic carbon; Clay * (<0.002 mm); Total sand * (2–0.02 mm); CEC: Cation Exchange Capacity; Fe
* (total). Mn * (total). Different letters (a,b,c,d) denote statistically significant differences between groups at a
significance level of p < 0.05.

3.2.1. Fluvisol

In the riparian areas of the Čemernica River, its tributaries, and the Zapadna Morava,
Fluvisol has developed. The parent material consists of young alluvial deposits. Fluvisol
has an uneven distribution of a granulometric composition across different depths. All
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samples fall into the texture class of light-to-heavy clay, with the clay content increasing
in deeper layers. The analyzed samples range from strongly acidic to slightly acidic in
the reaction. The humus content varies, but in the surface layer, all tested soils show a
high humus content. Additionally, the high CEC values suggest that this soil has a good
cation retention capacity. Iron and manganese are present in large amounts, with higher
concentrations in deeper layers, except in P2 (Table 1).

3.2.2. Vertisol

In the studied area, the analyzed P4, P5, P6, and P7 of Vertisol are formed on clays,
marls, claystones with coal layers, sandstones, marl limestones, and tuffaceous sandstones.
According to their mechanical composition, the samples are classified as light and heavy clays,
with a substantial portion of colloidal clay, generally between 30 and 50%. These soils exhibit
a strongly acidic to slightly alkaline reaction. The organic matter content is low-to-moderate,
and Fe and Mn are present in significant amounts, especially in the deeper layers.

3.2.3. Leptosol on Serpentinite

The examined samples consist of light clay and clay loam based on their granulometric
composition. The total clay particle content varies widely and generally decreases with
the increasing depth, except in P10. These soils are classified as slightly acidic. They are
characterized by a high-to-moderately high humus content. The organic matter content
is greater in the upper layers, while the iron and manganese concentrations increase with
depth. The cation exchange capacity values in the studied soil samples are high, influencing
the binding and availability of accessible forms of elements.

3.2.4. Leptosol on Sandstone

The soil is formed on a flysch geological formation: mica-rich sandstones, siltstones,
and conglomerates. The analyzed samples exhibit a strongly acidic reaction. The texture is
clay loam with a high sand content of over 50%. Consequently, they have a lower capacity
for retaining water and nutrients. The organic matter content ranges from low to medium
levels. The iron concentrations are lower compared to other soil types. The CEC values are
also low, indicating that this soil has a very limited cation adsorption capacity.

3.3. Sum of Fractions (∑F1–F4), Concentration of Ni, Cr, and Co, and Their Vertical Distribution
in Soil

In Table 2 and Figures 2–4, the concentrations of Ni, Cr, and Co are shown according
to their chemical binding forms in the soil.

The sum of the values of the four Ni fractions (∑F1–F4) range from 75% to 116%,
relative to the total, Ni and vary by soil type. In Leptosol on sandstone, the Ni content
is the lowest, ranging from 31.83 to 47.76 mg kg−1. In Vertisol, it ranges from 67.81 to
127.82 mg kg−1, and in Fluvisol, from 139.89 to 350.53 mg kg−1. The highest values, which
are statistically significant compared to other soils, are found in Leptosol on serpentinite,
averaging from 421.89 to 1066.64 mg kg−1 (Table 2).

The sum values of the four Cr fractions relative to the total Cr range from 74% to 106%.
The distribution of Cr by soil type is similar to that of Ni, but the corresponding values
are lower. In Leptosol on sandstone, the Cr values are the lowest, ranging from 20.89 to
33.86 mg kg−1, while they are significantly higher in Vertisol and Fluvisol, with the highest
values found in soils on serpentinite rocks, averaging from 363.88 to 470.44 mg kg−1.

The values for the sum of the four Co fractions in relation to the total range from 99 to
128%. The spatial distribution of Co by soil type is similar to that of Ni and Cr. In Leptosol
on sandstone, Co ranges from 13.12 to 19.23 mg kg−1, significantly increasing in Vertisol
and Fluvisol, with the highest, statistically significant concentrations found in Leptosol on
serpentinite, averaging between 62.67 and 75.41 mg kg−1 (Table 2).
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Table 2. Concentrations of Ni, Cr, and Co fractions (mg kg−1) in the studied soil.

Soil Depth [cm] PTE
Concentration (mg kg−1)

F1 F2 F3 F4 Sum of Fractions DTPA Total

Fl
uv

is
ol

(P
1,

P2
,P

3)

0–10
Ni 12.88 ±

6.15
42.92 ±

34.76
25.12 ±

19.93
105.74 ±

38.44
186.66 ±

99.24
13.56 ±

3.52
191.44 ±

86.24

Cr 0.26 ±
0.13

7.71 ±
5.54

30.53 ±
13.09

88.00 ±
40.49

126.50 ±
59.14

0.03 ±
0.03

132.68 ±
53.39

Co 1.96 ±
0.97

17.62 ±
2.99

0.97 ±
0.21

9.28 ±
0.92

29.84 ±
3.89

1.82 ±
2.57

26.66 ±
2.78

10–30
Ni 11.67 ±

8.11
50.14 ±

31.45
25.36 ±

20.18
116.66 ±

32.30
203.82 ±

91.75
14.11 ±

5.95
202.65 ±

67.68

Cr 0.21 ±
0.07

7.96 ±
5.48

31.87 ±
12.60

95.73 ±
36.17

135.77 ±
54.15

0.01 ±
0.01

135.44 ±
37.68

Co 1.88 ±
1.04

23.21 ±
5.70

1.29 ±
0.39

10.50 ±
0.07

36.88 ±
6.26

0.30 ±
0.02

30.33 ±
2.62

30–60
Ni 10.44 ±

7.22
60.17 ±

58.70
25.48 ±

20.48
154.11 ±

7.03
249.79 ±

92.17
9.04 ±

4.16
251.43 ±

81.73

Cr 0.08 ±
0.10

7.87 ±
4.81

26.13 ±
16.20

116.07 ±
20.07

150.26 ±
40.75

0.00 ±
0.00

176.65 ±
58.27

Co 0.89 ±
0.14

25.71 ±
1.67

1.00 ±
0.70

10.22 ±
0.74

37.82 ±
1.64

0.33 ±
0.15

26.03 ±
2.45

Mean of type soil
Ni 13.47 b 67.05 b 34.15 b 132.09 b 249.76 11.27 215.48
Cr 0.25 b 8.70 b 30.27 b 106.04 b 145.26 0.01 148.25
Co 0.89 b 19.86 b 1.46 a 10.44 b 32.66 0.19 27.67

Ve
rt

is
ol

(P
4,

P5
.P

6,
P7

)

0–10
Ni 5.71 ±

1.48
18.05 ±

10.16
10.67 ±

7.57
53.45 ±

22.19
87.88 ±

28.11
5.03 ±

1.82
94.19 ±

34.47

Cr 0.25 ±
0.19

3.65 ±
0.86

11.10 ±
2.22

43.87 ±
12.96

58.86 ±
11.67

0.01 ±
0.01

70.07 ±
19.28

Co 1.27 ±
0.63

12.26 ±
2.91

0.37 ±
0.08

6.85 ±
1.41

20.74 ±
4.25

0.39 ±
0.31

17.69 ±
5.21

10–30
Ni 5.10 ±

1.31
16.80 ±

8.95
12.99 ±

5.54
43.76 ±

9.41
78.65 ±

21.77
4.36 ±

1.52
86.16 ±

19.76

Cr 0.14 ±
0.04

3.26 ±
0.76

11.40 ±
1.65

37.81 ±
7.88

52.60 ±
7.09

0.01 ±
0.01

65.62 ±
10.57

Co 1.06 ±
0.46

12.49 ±
4.38

0.37 ±
0.31

6.17 ±
0.75

20.08 ±
4.58

0.35 ±
0.25

18.68 ±
4.65

30–60
Ni 5.31 ±

1.89
27.95 ±

15.27
13.36 ±

7.64
65.23 ±

37.04
111.85 ±

58.91
3.56 ±

2.97
110.46 ±

57.21

Cr 0.13 ±
0.03

3.93 ±
0.80

12.40 ±
3.33

52.67 ±
24.20

69.13 ±
24.51

0.01 ±
0.01

77.96 ±
32.95

Co 0.87 ±
0.32

22.26 ±
25.93

0.46 ±
0.40

6.97 ±
1.36

30.55 ±
27.46

0.37 ±
0.52

26.50 ±
22.67

Mean of type soil
Ni 5.37 b.c 20.93 b.c 12.34 b 54.15 b 92.79 4.32 96.96
Cr 0.17 b 3.59 b 11.70 c 45.61 c 61.07 0.01 71.21
Co 1.07 b 15.98 b.c 0.41 b 6.73 c 24.19 0.38 20.96

Le
pt

os
ol

on
se

rp
en

ti
ni

te
(P

8,
P9

,P
10

)

0–10

Ni 50.99 ±
23.13

208.10 ±
108.02

93.96 ±
50,61

427.27 ±
187.55

780.32 ±
354.33

55.17 ±
7.87

745.06 ±
309.47

Cr
0.66± 29.45± 77.33± 277.97± 385.41± 0.03± 437.87±
0.12 12.05 11.71 61.01 63.31 0.02 65.18

Co
4.31± 48.31± 1.45± 21.75± 75.83± 0.89± 65.07±
2.22 8.12 1.25 2.96 12.22 0.43 9.93

10–30

Ni 48.64 ±
23.48

198.63 ±
111.46

81.01 ±
36.69

436.44 ±
174.90

764.73 ±
323.26

44.91 ±
6.10

734.75 ±
285.15

Cr
0.58± 30.20± 83.33± 291.92± 406.02± 0.02± 432.24±
0.23 13.14 18.38 47.26 68.93 0.02 82.62

Co
3.14± 47.19± 1.12± 22.04± 73.50± 0.58± 63.65±
1.31 5.62 0.80 3.85 9.20 0.24 4.86

30–60

Ni 75.22 ±
43.37

325.34 ±
262.08

114.44 ±
120.92

597.91 ±
611.61

1085.31 ±
1038.08

50.82 ±
26.84

950.02 ±
506.94

Cr
0.58± 29.69± 72.54± 353.39± 456.19± 0.01± 459.36±
0.29 11.55 22.08 76.99 53.15 0.02 41.57

Co
1.45± 54.01± 1.36± 24.22± 81.03± 0.31± 65.79±
0.53 21.28 1.34 1.75 21.34 0.20 15.64

Mean of type soil
Ni 47.70 a 222.94 a 98.63 a 491.77 a 861.04 42.30 106.3
Cr 0.61 a 30.82 a 79.02 a 307.13 a 417.58 0.02 94.22
Co 2.87 a 48.94 a 1.25 a 22.87 a 75.92 0.57 117.11
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Table 2. Cont.

Soil Depth [cm] PTE
Concentration (mg kg−1)

F1 F2 F3 F4 Sum of Fractions DTPA Total

Le
pt

os
ol

on
sa

nd
st

on
e

(P
11

,P
12

) 0–10

Ni
4.01± 6.44± 4.52± 25.49± 40.46± 3.02± 46.88±
2.63 4.29 2.88 5.36 15.17 2.00 19.65

Cr
0.14± 2.06± 6.60± 18.88± 27.67± 0.03± 32.17±
0.02 0.65 3.68 4.50 8.85 0.01 14.42

Co
1.72± 11.79± 0.20± 3.98± 17.70± 0.54± 14.37±
1.49 2.49 0.28 0.39 4.66 0.36 5.22

10–30

Ni
3.21± 5.23± 3.44± 27.95± 39.83± 2.25± 48.85±
2.34 3.77 1.36 8.60 16.07 1.51 15.42

Cr
0.13± 2.11± 4.80± 20.59± 27.63± 0.02± 35.93±
0.02 0.54 1.70 9.97 12.22 0.01 17.51

Co
1.26± 10.89± 0.10± 4.64± 16.89± 0.38± 15.14±
0.87 3.80 0.14 0.69 5.49 0.24 4.51

30–60

Ni
1.88± 3.70± 6.62± 26.89± 39.08± 1.03± 42.80±
1.46 2.89 5.80 7.62 2.54 0.56 6.94

Cr
0.09± 1.75± 8.40± 16.44± 26.68± 0.01± 30.82
0.00 0.22 7.35 1.35 6.23 0.02 2.70

Co
0.48± 8.43± 0.28± 4.74± 13.93± 0.14± 12.35±
0.17 2.91 0.40 0.67 2.81 0.01 1.44

Mean of type soil
Ni 3.04 c 5.12 c 4.86 b 26.77 b 39.79 2.10 46.17
Cr 0.12 b 1.93 c 6.17 c 18.19 c 41.58 0.02 32.93
Co 1.07 b 10.06 c 0.17 b 4.44 d 15.74 0.33 13.94

F1: Acid-soluble fraction; F2: Reducible fraction; F3: Oxidizable fraction; F4: Residual fraction; ∑F1–F4: Sum of
fractions; DTPA: Diethylenetriaminepentaacetic acid-extractable; Total content. Different letters (a,b,c,d) denote
statistically significant differences between groups at a significance level of p < 0.05.

In samples of Leptosol on serpentinite, the concentrations of Ni, Cr, and Co vary, with
higher values observed in P9 and P10 in the central part of the Čemernica River basin
compared to P8, located in the upper basin area. The distribution of elements is mostly
uniform or increases with depth. The depth soil distribution of Ni is typical for serpentine
soils. In Leptosol on serpentinite, the concentrations of Ni, Cr, and Co in P8, P9, and P10
exceed the maximum allowable concentrations (MAC) (50, 100, and 50 mg kg−1) [1,30]. In
a large number of samples, the values of Ni and Cr also exceed the remediation thresholds
(210 and 380 mg kg−1), but not Co (240 mg kg−1) [31].

The content of the examined elements is also significant in alluvial soils. Values above
the MAC for Ni and Cr were recorded in Fluvisol P2 and P3, while Co values remained
below the MAC. Along the course of the Čemernica River, the values increase: they are
lowest in P1 in the upper reaches and rise in P3 after the river passes through the serpentine
area. The highest values were obtained in P2, just before the Čemernica flows into the
Zapadna Morava River, and after the inflow of the Dičina tributary, which originates from
the Rudnik mountain area rich in Pb and Zn ores. In addition to the geological composition
of alluvial sediments, the clay content also influences the concentration of elements. In the
upper reaches, the clay content averages 32%, while in the lower reaches, where the finest
particles accumulate, it exceeds 40%.

In vertisols, the concentrations of Ni exceed the maximum allowable concentrations
(MAC) in all location, but not Cr and Co. Higher values are observed in P4 and P5, where
Ni and Cr are also more concentrated in the surface layer compared to the subsurface layer.
In the other two, located in the lower part of the basin, the content by depth is similar, with
the highest levels in the deepest layer. Vertisols are formed on Neogene lake sediments,
which, in some areas closer to serpentine rocks, contain magnesite deposits, so the variable
geological composition influences other soil properties.

In soil formed on sandstones, element concentrations are below the MAC, with the
Ni content in P12 being around the MAC of 50 mg kg−1. The distribution within the soil
depends on the soil characteristics and their position.
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Figure 2. Geochemical fractions of Ni in the studied soil. Figure 2. Geochemical fractions of Ni in the studied soil.
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Figure 3. Geochemical fractions of Cr in the studied soil. Figure 3. Geochemical fractions of Cr in the studied soil.
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Figure 4. Geochemical fractions of Co in the studied soil.Figure 4. Geochemical fractions of Co in the studied soil.
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3.4. Geochemical Fractions and Vertical Distribution of Ni, Cr, and Co
3.4.1. Available DTPA-Extracted Ni, Cr, and Co

The concentrations of DTPA-extractable Ni range from 0.63 to 63.74 mg kg−1, with an
average of 14.98 mg kg−1 (Table 2). This average is about 85% of the average Ni content
in the first fraction (F1) of sequential analysis. Exceptions include samples P1 and P3
(Fluvisol), P4 (Vertisol), and P8 (Leptosol on serpentinite), where DTPA was more effective
than the acetic acid solution, extracting additional amounts of Ni from other fractions
besides F1. The concentrations of DTPA-extractable Cr range from below the detection
limit to 0.05 mg kg−1, and these values are significantly lower than the Cr levels in F1.
The concentrations of DTPA-extractable Co average 0.51 mg kg−1, with a range of 0.04
to 4.79 mg kg−1. These values are significantly lower than the Co levels in F1, where the
average concentration is 1.61 mg kg−1.

3.4.2. Chemical Binding Forms of Ni, Cr, and Co in the Soils Studied

In the first fraction (F1), Ni is in a water-soluble and exchangeable form, making it
the most accessible and mobile. The average F1 content by soil type is similar, at 5.42% in
Fluvisol, 6.43% in Vertisol, 5.98% in Leptosol on serpentinite, and 7.18% in Leptosol on
sandstone. There are no significant statistical differences. Across all soils, the F1 fraction is
observed to remain similar with depth or decrease slightly, except in P5 Vertisol, where it
increases with depth. In the surface layer of P7 Vertisol and P12 Leptosol on sandstone, the
F1 fraction is highest, at 12.7% and 11.5%, respectively. These layers have slightly lower pH
values and clay contents, and an anthropogenic influence cannot be ruled out, especially
in P7, which is closer to the city of Čačak, located in the lower part of the studied basin.
In Fraction 2, Ni is bound to Fe and Mn oxides and is released under reducing conditions.
Fraction 2 is the most prevalent among potentially accessible forms. The average Ni content
in Leptosol on serpentinite is around 26%, in Fluvisol and Vertisol about 22–24%, and
significantly lower, at approximately 12%, in soil on sandstone. Sandstones consist of
silicates, with a low Fe and Mn oxide content, resulting in a limited adsorption capacity for
heavy metals [1]. In P11, the Fraction 2 values are lower, but the residual fraction values
are higher. The distribution by depth varies, and even within the same soil type, there
is no distinct pattern, except in soil on sandstone, where the Ni content decreases across
both profiles.

In Fraction 3, nickel is bound to organic matter and is released under oxidizing
conditions. The average share in various soils is similar, ranging from 11.03% in Leptosol
on serpentinite to 13.31% in Vertisols, there are no statistically significant differences. The
share by depth generally tends to decrease or remains uniform.

In the fourth, residual fraction, the metal is structurally bound in silicates and other
sparingly soluble compounds that are resistant to environmental conditions. The data
analysis (Figure 2, Table 2) shows that the highest concentration of Ni in all soil types and
depths is associated with the residual fraction. In Leptosol on serpentinite, Vertisol, and
Fluvisol, an average of approximately 57–58% of Ni is bound to this fraction, while in
soils on sandstone, about 69% of Ni is bound to the residual fraction—which is statistically
significant compared to the previous soils. By depth, Ni’s share in the residual fraction is
mostly uniform or increases, except in the surface layer of P4 Vertisol and P2 Fluvisol. In
P2 Fluvisol, Ni’s share in F4 is lower than 50% in the deeper horizons (39–45%) and in the
surface layer of P5 Vertisol (48%). However, these soil type simultaneously have a higher
share of Ni bound to oxides (F2) and organic matter (F3), while the mobile F1 content is
similar to that in other soils.

In the most mobile first fraction, the relative values of Cr are significantly lower than
those of Ni. The average chromium content in Leptosol on serpentinite and Fluvisol is the
lowest at 0.15–0.17%, while statistically significant values are observed in Vertisol at 0.29%,
with the highest values found in Leptosol on sandstone at 0.46%. The chromium content in
the surface layer is often higher compared to deeper layers, or it is evenly distributed.
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The average chromium content in F2, bound to Fe and Mn oxides, ranges from 5.64%
in Fluvisol to 7.36% in Leptosol on sandstone, with no statistically significant differences
between soil types. The proportion of Cr bound to F3, organic matter, averages 19.21% in
Leptosol on serpentinite and 23.24% in soil on sandstone, with no statistically significant
differences observed. Throughout much of the samples, the concentration of organic Cr is
higher in the surface layer compared to deeper layers, particularly in Fluvisol and most of
all, Leptosol on serpentinite.

The highest chromium values were measured in the residual fraction. The average
chromium content values are similar across soil types, around 69% in Leptosol on sandstone
and about 73% in other soils. By depth, the proportion of Cr in the residual fraction
generally shows an increasing trend, though it varies significantly across different depths
in Vertisol.

In the most mobile F1 fraction, Co, the average share is similar across the soil types,
showing no statistically significant differences, with values ranging from 3.86% in Fluvisol
to 6.46% in Leptosol on sandstone. Differences across samples are more pronounced. In
the first depth of P12, Leptosol on sandstone, the share is around 13%, while in the deeper
layer of P5, Vertisol, it is around 10%.

The share of cobalt bound to Fe and Mn hydroxides is high; the average values range
from 60.52% in Vertisol to 64.37% in Leptosol on serpentinite. The values increase or remain
similar with the depth for most soils, except in P5 Vertisol, P8 Leptosol on serpentinite, and
P11 Leptosol on sandstone, where they decrease with depth. In the carbonate Vertisol P5,
the F2 fraction is the lowest at 45–50%, while the residual fraction is the highest content.

The cobalt content in F3, bound to organic matter, is significantly lower compared to
Ni and Cr. Its content falls below the detection limit in certain samples (P6 Vertisol, P11
Leptosol on sandstone, and P8 Leptosol on serpentinite) up to 4.98% in P2 Fluvisol. The
average values are notably higher in Fluvisol, at 3.49%, compared to other types, which
range from 1.06% to 1.90%.

In the residual fraction, cobalt is bound on average between 28.84% in Leptosol on
sandstone and 32.32% in Vertisol, lower than the proportion of Ni and Cr in the same
fraction. Its distribution varies with depth, showing an increase with depth in a significant
number of the soils. Changes in this fraction’s content are associated with variations in the
soil pH.

The absolute values of elements in all fractions increase in this order: Leptosol on
sandstone, Vertisol, Fluvisol, and Leptosol on serpentinite, and the differences are always
statistically significantly higher in serpentine soils.

3.4.3. Influence of the Properties of Studied Soil Types on the Chemical Binding Forms of
Ni, Cr, and Co

Table 3 presents the inter-relationships between the basic soil properties (pH in KCl,
SOM, total sand, silt, clay, CEC, total Fe, and total Mn), the sum of fractions (∑F1–F4), the
concentrations of Ni, Cr, and Co (mg kg−1), and the chemical fractions of the elements (%).

The sum of the fractions of nickel and chromium shows a positive correlation with
the pH, CEC, Fe total, and Cr, and with SOM and Mn. The concentration of cobalt has a
significant correlation with CEC, Fe, and Mn.

The concentrations of DTPA-extracted Ni show a significant positive correlation with
F1 Ni r = 0.884, while DTPA-extracted Co has a correlation with F1 Co r = 0.79 (N = 38). No
correlation was recorded for DTPA-extracted Cr with F1 Cr.

The proportion of the most mobile F1 Ni and Cr fraction shows a positive correlation
with the total sand and a negative correlation with clay, CEC, and Fe. The cobalt F1 has a
significant negative correlation with Fe. The fraction F2 Ni and Cr has a significant positive
correlation with pH, but F2 Co correlates negatively with pH. The soil texture and CEC
have a different influence. F3 Ni and Co are positively correlated with pH and clay, and F3
Co also is positively correlated with CEC. The proportion of Cr associated with F3 shows
no statistically significant differences. Fraction 4 Ni has a significant negative correlation
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with pH and CEC. The chromium in the residual fraction increases significantly with a
higher clay content, and Co increases with the pH.

Table 3. Correlation between Soil Properties and Ni, Cr, and Co Fractions.

PTEs Fractions pHinKCl SOM Sand tot Silt Clay CEC Fe tot Mn tot

Ni

F1 0.131 0.340 * 0.464 ** −0.171 −0.43 ** −0.373 * −0.343 * 0.029

F2 0.715 ** 0.163 −0.253 −0.02 0.296 0.613 ** 0.30 0.062

F3 0.328 * −0.146 −0.321 * −0.042 0.384 * 0.259 −0.159 −0.232

F4 −0.70 ** −0.129 0.227 0.071 −0.293 −0.48 ** −0.075 0.051

Ni total 0.427 ** 0.199 −0.106 0.097 0.068 0.505 ** 0.708 ** 0.293

Cr

F1 −0.265 −0.182 0.379 * −0.175 −0.334 * −0.607 ** −0.577 ** −0.146

F2 0.334 * 0.19 0.544 ** −0.417 ** −0.391 * −0.277 −0.233 0.079

F3 −0.121 0.287 0.2 0.117 −0.287 −0.152 −0.243 0.241

F4 0.033 −0.317 −0.339 * 0.002 0.381 * 0.214 0.304 −0.246

Cr total 0.431 ** 0.369 * −0.013 0.141 −0.06 0.508 ** 0.842 ** 0.451 **

Co

F1 −0.083 0.274 0.219 −0.035 −0.228 −0.34 −0.326 * −0.098

F2 −0.547 ** −0.115 −0.061 0.181 −0.028 0.039 0.312 0.256

F3 0.558 ** −0.018 −0.465 ** 0.167 0.435 ** 0.514 ** −0.112 −0.248

F4 0.484 ** 0.011 0.083 −0.217 0.023 −0.02 −0.168 −0.172

Co total 0.243 0.296 −0.105 0.22 0 0.460 * 0.861 ** 0.451 **

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

3.5. Risk Assessment Code, Soil Contamination Index, and Risk Assessment Indices

Table 4 presents the percentage representation of samples according to the index values.

Table 4. Percentage representation of samples according to index values.

Index PTEs
Index Scale

No Risk Low Moderate High (Considerable) Very High

RAC
Ni - 94.9 5.1 - -
Cr 100 - - - -
Co 7.8 87.1 5.1 - -

CF
Ni - 12.8 41 18 28.2
Cr - 46.2 30.7 23.1 -
Co - 76.9 20.5 2.6 -

EF
Ni 82.1 12.8 5.1 - -
Cr 66.7 30.7 2.6 - -
Co 82.1 17.9 - -

The RAC calculated for Ni, Cr, and Co in most samples is below 1%, indicating a low
risk of mobility and bioavailability. An exception is the content of Ni in certain samples of
Vertisol (P7) and Leptosol on sandstone (P12), as well as Co in Leptosol on sandstone (P12),
where the content exceeds 10%, which falls into the medium-risk level for bioavailability
and mobility (Table 4).

Contamination indices are tools used to assess the extent of soil contamination by
element concentrations relative to background levels or regulatory standards. According
to the calculated values, Co is categorized as having a low level of contamination in most
samples, followed by Cr, while Ni shows high and very high levels of contamination in
46.2% of the samples.
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The CF values indicate that Leptosols on serpentinite exhibit a very high level of
Ni contamination (CF = 8.04–28.86), as well as a high level of Cr (CF = 3.83–5.10), while
Co shows a moderate contamination level (CF = 1–1.62). In Fluvisols, Ni contamination
ranges from moderate to very high (CF = 2.51–7.44), and in Vertisols, from moderate to
high (CF = 1.09 to 3.91). The CF values for Cr and Co are approximately 1 or slightly above
1 in Fluvisols (0.89–2.18 for Cr and 0.48–0.65 for Co) and Vertisols (0.46–1.27 for Cr and
0.23–1.21 for Co), indicating a low-to-moderate degree of Cr and Co contamination in these
soils. Leptosols on sandstone exhibit a low degree of Ni, Cr, and Co contamination with
average values of Ni (0.92), Cr (0.34), and Co (0.28).

According to the EF values, it can be observed that the majority of samples show no
enrichment or a low level of enrichment, while a medium level was recorded for Ni in 5.1%
of the samples and for Cr in 2.6%.

The EF values for Ni, Cr, and Co in Vertisols and Leptosols on sandstone are <1.5,
suggesting that these soil types are not enriched with these elements at all depths. Leptosols
on serpentinite stand out with a moderate degree of Ni enrichment (EF = 1.01–4.26),
moderate Cr enrichment (EF = 1.99–4.10), and moderate Co enrichment (EF = 0.98–2.42).
The EF values for Ni, Cr, and Co are slightly above 1.5 in Fluvisols (0.56–1.70 for Ni,
0.76–1.69 for Cr, and 0.71–1.22 for Co), indicating a low level of enrichment in this soil type.

4. Discussion

The high concentrations of Ni, Cr, and Co in serpentine soils are related to the high
content of ferromagnesian minerals in the rocks, in which Ni, Cr, and Co substitute for Mg2

and Fe3 (Al3) [40].
Soils in alluvial deposits often exhibit high heavy metal values, which may be at-

tributed to the composition of materials deposited in the alluvium [41]. A connection was
established between the high levels of Ni and Cr in the alluvium of the Velika Morava
River (Ni and Cr, 172 and 169 mg kg−1) and the Jasenica tributary (324 and 221 mg kg−1),
with the geological composition of the Rudnik Mountain [42]. These levels may also be
of an anthropogenic origin, as Fluvisols are often under the influence of intensive agricul-
tural production, river pollution from wastewater, flooding, and proximity to roads and
settlements [20,43]. However, in the examined Fluvisol, the distribution of elements is
homogeneous or increases with depth, without a notable accumulation of metals in the
surface horizon, which would indicate a higher anthropogenic impact (Table 2).

The sum of the fraction (∑F1–F4) concentrations of the studied elements in the exam-
ined Fluvisol, Vertisol, and Leptosol on sandstone are higher than typical values for the
same soil types, influenced by the proximity of serpentinite rocks because they are under
the influence. [1,4]. For the soil of central Serbia, the average values for Ni and Cr (mg/kg)
are as follows: Fluvisol 32.0 and 30.05; Vertisol 22.21 and 32.05; Leptosol on sandstone 25.80
and 29.30 mg/kg [4]. Nickel, chromium, and cobalt show a strong positive correlation with
Fe (0.708–0.861 **), while Cr and Co are also correlated with Mn (0.451 **). The high mutual
correlation among Ni, Cr, and Co, along with their correlation with Fe, indicates a shared
origin, which, given the geochemical properties of Fe, is predominantly geochemical [20].
The analyzed Ni and Cr contents exhibit a positive, significant correlation with pH, and
Cr also with humus. The positive relationship between the element content and pH is
influenced by the differing properties of the examined soils, as the highest element values
are found in slightly acidic-to-neutral serpentine soils, while the lowest are in highly acidic
sandstone soils, which have low levels of base cations and ferromagnesian minerals. There
is no correlation with clay, but a significant impact of CEC (0.460–0.508 **) is observed.

In contaminated soils, compared to uncontaminated soils, metals are more prevalent
in more easily soluble fractions [40].

A sequential analysis found that the average relative share of Ni in F1 by soil type
has no statistically differences despite significant differences in the absolute values. The
correlation between the proportion of Ni in F1 is negative with the content in clay, CEC
and Fe, which was also stated in other research [1].
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The relative values of F2 Ni in the study area are similar to those obtained for Ni
in the F2 fraction of Fluvisols in the Pomoravlje region and the Jasenica River valley
(22.67–29.21%), whereas the soil in Rudnik averages 18.49% [3]. Additionally, many studies
report a typical Ni share in this fraction of 20–30% of the Ni content [44]. Besides the
adsorption and/or occlusion of metals on Fe and Mn oxides, Ni may also replace Fe or Mn
within the oxide crystal structure [45], which explains the substantial values of Ni in F2, as
confirmed by our analyses (Table 2).

In the Pomoravlje region, the average values range from 10.76% to 12.06%, in the
Fluvisol of the Jasenica River they are at 6.35%, and on Mt. Rudnik, at 9.01% [3]. It was
found that, on average, around 15% of the Ni in serpentinite soils in Serbia is present in the
organic fraction [46]. Unlike soils with naturally occurring elements, in soils where nickel
originates from anthropogenic sources, there is an increase in its content in the organic
fraction, accompanied by a decrease in the residual fraction [47].

Since the residual fraction is composed of primary and secondary minerals, sulfides,
sparingly soluble oxides, and complex organic compounds to which metals in soil are most
strongly bound [48], the high Ni content in this fraction in most of the soils studied indicates
that Ni is chemically stable and biologically inactive. Multiple authors indicate that uncon-
taminated soils are characterized by a high proportion of metals in the residual fraction,
typically over 50% [3,49]. The higher residual Ni fraction in sandstones (particularly in
P11) influenced the overall negative correlation of Ni in F4 with the pH and CEC.

It can be concluded that, despite the large differences in the absolute values between
the soil samples and soil types (which was one of the hypotheses), the relative values and
fraction ratios are fairly consistent, indicating a similar origin of Ni in the different soils
of the studied area, predominantly geochemical. The high nickel content in the residual
fraction indicates that the metal is primarily in forms resistant to environmental changes.

The values obtained for Cr fractions in the sequential analysis show certain specific
characteristics compared to the distribution of Ni fractions across soil types. The chemical
forms of Cr-binding in soil are more complex than those of Ni, as Cr can exist in multiple
oxidation states, leading to different chemical properties and behaviors. The chromium
can undergo oxidation or reduction, adsorb onto mineral and organic solid phases, chelate
with organic ligands, or precipitate as an insoluble component.

In the most mobile first fraction, Cr relative values are significantly lower than those
of Ni, with an average proportion across soil types ranging from 0.15 to 0.46%.

The spatial and vertical distribution of the Cr content is associated with soil properties
and the chemical form in which Cr is present. The most common forms of chromium in soil
are Cr3+ and Cr+6. Hexavalent chromium is relatively soluble, more stable under aerobic
conditions, and at higher pH levels, which prevail in many soils. However, due to soil’s
high capacity for reducing hexavalent chromium, it is readily reduced to Cr3+. Thus, the
relatively insoluble and less mobile Cr3+ ion dominates in most soils, typically occurring as
insoluble hydroxides and oxides [50].

Low levels of accessible chromium have also been found in other studies [10,46,51].
The chromium mobility decreases with the increasing adsorptive capacity of soil [16].
Accordingly, in the studied area, the share of mobile Cr fraction decreases with the increased
clay (−0.334), CEC (−0.607), and Fe contents (−0.577).

The chromium share in F2 is lower than that of Ni in the same fraction, as the pri-
mary mechanism for chromium binding to Mn and Fe oxides is adsorption [6], without
involvement in isomorphic substitution with Mn or Fe in oxides, unlike nickel. Based on
its behavior in soil, Cr in the reducible fraction is not considered a significant source of
accessible quantities [50,52]. The proportion of Cr bound to organic matter in the soils
studied is higher than that bound to Fe and Mn oxides, as also confirmed by [50] research
on Fluvisol.

The chromium concentrations in the residual fraction are higher than those of Ni
because Cr is found in minerals more resistant to decomposition, and similar values have
been observed in other studies on uncontaminated soils [15,16].
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The share of cobalt in F1 generally varies with the types of soil, which is consistent
with reports of a wide range of mobile Co in F1 across different soil types [11]. In soils
in England and Wales, the Co content was found to be between 5 and 24 mg kg−1, while
the bioavailable (acetic-acid-extractable) content ranged from 3 to 13%, and similar results
were found in other studies [53]. DTPA-extracted Co shows that DTPA extraction could
not extract significant portions of mobile F1 Co in most of the soils examined, and similar
results were found in other studies [11].

The proportion of cobalt bound to Fe and Mn hydroxides is high and has a significant
negative correlation with the pH (−0.547). The absolute F2 cobalt values show a significant
positive correlation with Fe and Mn (0.833; 0.420) (Table 3). The strong association between
Co and oxyhydroxide minerals is driven by the surface oxidation of Co2+ to Co3+, which
is then followed by its integration into structural vacancies or by surface precipitation
in the form of hydroxyl solids. [54]. An important process for reducing its mobility and
bioavailability in soil is the degree of oxidation on the mineral surfaces of Mn oxides [55–57].

A high proportion of Co in the reducible fraction has been observed in other studies
as well. It was noted that in uncontaminated soil samples, the majority of Co2+ ions
(32.2–71.0%) were accumulated in the reducible phase, with significant amounts in the
residual phase and the organic phase [57]. Studies have found that Co has a high affinity
for the Mn oxide fraction in soils, both in contaminated and uncontaminated soils in
parks and in serpentine soils, suggesting that the metal cannot be easily leached and is
thus not readily transferable to the environment under ambient conditions [18,46]. In
uncontaminated samples, Co2+ was primarily distributed in the moderately reducible and
residual phases, while after contamination, the fraction of Co in the Fe and Mn oxide phase
drastically decreased, while an increase was observed in the more labile fractions [58].

The proportion of cobalt bound to organic matter varies by depth (Figure 4). With
an increase in the pH, clay, and CEC, the percentage of Co in this fraction significantly
rises. Similar relationships were found by [11]. A low percentage of mobile and oxidizable
fractions is characteristic of serpentine soils [18]. The analysis of the distribution of Co
across fractions indicates that fractions F1 and F3 have relatively low proportions, while an
increase in F2 is observed at the expense of the residual fraction.

Supporting the notion hypothesis that Ni, Cr, and Co in the studied soils of the
Čemernica River basin are primarily of a natural origin are the obtained contamination
assessment results. According to the Risk Assessment Code (RAC) for bioavailability, most
analyzed samples indicate a low bioavailability, with values below 1% for Ni, Cr, and Co,
even when environmental conditions change [34].

Based on the CF and EF index analyses, the results show high levels (values above 6
and 5) of Ni contamination in Leptosol on serpentinite, as well as moderate and mild levels
(values around 3) of Cr and Co contamination. Other soil types exhibit lower contamination
levels. High contamination index values for Ni, Cr, and Co in Leptosol on serpentinite
have also been reported in other studies [12]. Although elevated contamination index
values for Ni, Cr, and Co were observed in Leptosol on serpentinite and Fluvisol, the
applied analyses of the bioavailability and chemical binding forms of the elements suggest
a geochemical origin.

Considering the high concentrations of total forms of elements, as well as the most
mobile fraction, especially Ni, in serpentine soil and Fluvisol, further research and monitor-
ing should establish the potential long-term ecological implications, particularly in areas
with a greater anthropogenic impact.

The results of the study indicate that the proposed hypotheses have been fully con-
firmed, shedding light on the key processes and factors influencing the dynamics and
distribution of the examined elements in the soil.
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5. Conclusions

The total contents of Ni, Cr, and Co, along with their distribution in different chemical
fractions, were examined in the most prevalent soil types within the Čemernica River basin
to determine the elements’ origin, mobility, and environmental impact.

The total concentrations of Ni, Cr, and Co in most samples exceed the maximum
allowable levels set by legal regulations, with some samples, especially on serpentine
soils, surpassing remediation values. The average total content of elements, as well as
concentrations in chemical fractions across soil types, increase in the following order:
Leptosol on sandstone–Vertisol–Fluvisol–Leptosol on serpentinite.

In Fraction 1, which represents the most mobile form, the Ni, Cr, and Co values
are mostly below 10%, so with regards to the Based on the Risk Assessment Code, most
samples have a low bioavailability risk, with only two samples of Ni and Co showing a
moderate risk.

On the other hand, the residual fraction dominates for Ni and Cr, and the distribution
of Co across the fractions shows that most of this metal is bound in the reducible fraction,
and then in the residual fraction. This indicates that the metals are not easily leached and
transferred to the environment under the given conditions.

Despite significant differences in the absolute values of Ni, Cr, and Co across soil types,
their relative values in chemical fractions remain consistent, which also confirms that the
predominant source of Ni, Cr, and Co in the soil in the studied area is natural.

Although high CF values were obtained for Ni, Cr, and Co on Leptosol on serpentinite
and Fluvisol, the applied analyses of the bioavailability and chemical binding of the
elements indicate their geochemical origin.

The conducted research has validated the hypotheses, providing a solid scientific
basis for understanding the geochemical origin and behavior of Ni, Cr, and Co in different
soil types.

Officials in the municipality of Čačak are advised that, in addition to establishing soil
monitoring in areas with a higher impact of anthropogenic pollution, when making future
management decisions, analyses should be conducted to assess the impact on soil health.
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source apportionment of potentially toxic microelements in river sediments and soil after extreme flooding in the Kolubara River
catchment in Western Serbia. J. Soils Sediments 2018, 18, 1981–1993. [CrossRef]
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