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Abstract: The aim of the research was to show the changes taking place in soils as a result of the
influence of anthropogenic factors in the form of intensive horticulture and pollution within the city.
It was made on the basis of the distribution of individual fractions as well as available and total
Cu forms in the profiles of garden soils located at houses and in the family allotment gardens in
six cities in south-eastern Poland. The research took into account the granulometric composition
according to which the cities were divided into two groups. The pollution assessment was based on
the concentration indicator, Igeo, and indicators taking into account the forms available for plants:
Cav/Ct and BF. There was no copper contamination with regard to legislation act and Igeo. The role
of organic matter as an important component in copper in the humus horizons of soils in long-term
horticultural cultivation has been considered. The content of all forms of copper was higher in humus
horizon which also indicated the anthropogenic changes. Among the two groups of soils, a greater
impact of the treatments used in horticulture on those made of sands was found in relation to the
silty ones.

Keywords: BCR method; copper; garden soil; indices of pollution and concentration in soil

1. Introduction

Among the soils in the area of anthropogenic impact of urbanization pressure as
well as modification by use, there are soils developed in home and allotment gardens.
Due to their location within cities, they are part of green areas, used by the owners for
growing vegetables, which is the reason for modifying the soil profile [1–3]. The effect
of these changes is the modification of humus horizon into a much deeper in the soil
profile, which is characterized by a well-developed large amount of organic substance,
characterized by an extensive sorption complex and far-reaching possibilities of retaining
not only desirable but also toxic substances [4,5]. This induced many scientists to study the
content of heavy metals in horticultural soils [2,5–8]. Due to location of the gardens, they
are also treated as urban areas, and most research focuses on agglomerations where the
impact of anthropopressure is significant. However, it is worth paying attention to smaller
cities, where the impact of urbanization occurs, but to a lesser extent. Hence, there was a
need to conduct research in the area of the eastern-southern city of Poland, especially as
they represent primarily agricultural areas and so far have been ignored in the literature
on the subject.

An important aspect of the research is to show the combination of two anthropogenic
factors influencing the state of the natural environment in cities. Horticultural use con-
tributes not only to the modification of soil-forming processes, but also changes in the
concentration and forms of heavy metals in soils. In determining these changes are helpful
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the pollution indicators widely discussed in the literature, such as Igeo or the concentration
coefficient, reflecting the distribution of heavy metals in the profile. Moreover, it is worth
noting that in the literature, there are few publications describing the problem of metal de-
composition in the profile with the use of indicators, where data showing the geochemical
background are used, which is more practical than using reference values. Typically, the
reference values based on literature data are used, which do not fully reflect the natural
geochemical status of a given location [9,10]. The indicators presented in the paper are
based on the results obtained from the entire profiles, which is an additional value of the
research, especially new aspect of research in cities smaller than agglomerations.

The study used the analysis of the BCR sequential extraction procedure, which is
of great importance in presenting the fractional distribution of metals and indicating
the content of bioavailable forms. This is important from the perspective of man and
biocenosis [11,12]. However, this analysis may reveal the consequences of the soil-forming
processes taking place, caused by an anthropogenic factor, which is horticulture. The
fraction related to the organic substance is in this case an indicator of the connection
of anthropogenic factors and the path of contamination movement. In the case of the
presented work, an example is copper.

With the objective of contributing information about the anthropogenic sources such
as the horticultural use and urban pressure on soils, the following aims of the research were
formulated: (i) estimation of Cu content in soils with different particle composition from
urban gardens, in comparison with soils from arable fields located outside city limits, using
various contamination indices and of bioavailable forms of copper, (ii) determination of the
distribution of Cu in the soil profile, in particular with emphasis on organic matter-bound
forms, by means of the BCR sequential extraction procedure [11,12].

2. Materials and Methods
2.1. Sampling Site

The study site was described in the earlier article of authors [13]. The research was
conducted in south-eastern Poland (Figure 1). Firstly, potential heavy metal contamination
was a criterion for the selection of the cities, which are located mainly in agricultural region,
with a poorly developed industrial infrastructure. Secondly, two groups of soils were
distinguished according to the particle size distribution. There were six cities selected. In
each town the survey was conducted, the selection of one allotment garden in a complex
of Family Allotment Gardens, one domestic garden at a detached house, and a control
site (arable field) outside the city limits was made. An interview with owners were the
base to select both the allotments and domestic gardens with at least 20-years horticultural
activity selected criterion. High crop culture were an important element in the choice of the
gardens represented by the use of only organic fertilizers, often produced by the owner. In
comparison to horticulture cultivation, the crop field was selected also after an interview
with the owner. Arable land was subjected to extensive cultivation by crop rotation. There
were located outside the city, without high-traffic transportation routes nearby. Sand and
loamy sand represented sandy soils as a group of light soils which were sampled in Biała
Podlaska, Lubartów, and Tarnobrzeg. Soils sampled in Lublin, Przemyśl, and Zamość
was represented mostly by a group of medium soils, made from silt, with the particle size
distribution of silt loam [13]. Podzolic, brunic, and gleying types were represented in sandy
soils, whereas the medium silty soils were luvisols [13,14].
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Figure 1. Map of sampling in the study area.

2.2. Soil Sampling and Soil Properties

Soil material for analyses was collected from soil profiles in each domestic, allotment
garden, and in the arable field. Samples were taken from each genetic horizon composited
of several samples. The material was air-dried and then passed through a 2-mm mesh sieve.

Properties were determined in the soil material using the following methods. The
particle size distribution was determined by means of the Bouycous and Cassagrande
areometric method, modified by Prószyński. Soil fractions and formations were identified
according to PTGleb. [15]. Soil pH was determined potentiometrically in water and in a
1 M KCl solution. Organic carbon content was measured using the Tiurin method and the
total nitrogen content was determined by the Kjeldahl method. The hydrolytic acidity was
determined by the Kappen method. The sorption capacity was calculated as CEC extracted
with ammonium acetate at pH = 7.0 [16]. All samples were analyzed in triplicate, and all
results of content were considered as the average value of three measurements made in
repeatability conditions.

2.3. Heavy Metal Determination and Sequential Extraction Procedure

Total copper content was determined by extraction using a mixture of concentrated
acids (nitric and perchloric acid 1:1). The weight of 0.5 g of soil and 20 mL of mixture was
used. It was diluted to 25 mL after mineralization. The sequential extraction procedure
proposed by BCR was used to demonstrate the relationship between copper content and
organic matter caused by intensive horticultural use [11,12]. The content of four fractions
was determined and the scheme of the procedure is presented in Table 1. There was 2 g



Appl. Sci. 2021, 11, 9018 4 of 14

of soil used in this method. In the first and second fraction, 20 mL of extraction solvents
was added and shaken for 16 h. Organic fraction was started with adding 5 mL of H2O2
and stayed for one hour. The next step was boiling in 85 ◦C for one hour. After that once
again was added 5 mL of H2O2 still boiling for one hour. The last step was adding 25 mL
of extraction solvent and shaken for 16 h. Additionally, a bioavailable form of Cu was
determined by the Rinkis method in 0.1 M HCl (soil to solution ratio is 1:1) to assess the
potential bioavailability [16]. All forms of the element were measured using the ICP-AES
method, using Leeman PS 950 apparatus. Digestion with reagents was analytically pure,
and the deionized water was performed in the DKL 20 Fully Automatic Digestion Unit
(VELP SCIENTIFICA). The calibration curves and the concentration measurements were
performed for each metal separately using the certified single element standards for ICP,
manufactured by Inorganic Ventures (Lakewood, CO, USA). All samples were digested
and analyzed in triplicate, and the final content was always considered as the average
value of three measurements made in repeatability conditions.

Table 1. Scheme of the sequential analysis of metals according to BCR.

Fraction Extraction Solvent

I Exchangeable and Acid Soluble 0.11 M CH3COOH, pH = 2
II Reducible 0.1 mol·dm−3 NH2OH · HCl, pH = 2
III Organic 30% H2O2 + 1 mol·dm−3 CH3COONH4, pH = 2
IV Residual HNO3 + HClO4

2.4. Indices of Pollution

To indicate the anthropogenic changes of soils, the indices of the distribution and
concentration of copper were calculated [9,17]:

Cf =
Cs

Cn

Cs—concentration of the heavy metal.
Cn—background level of heavy metal.

The geoaccumulation index (Igeo) was calculated from the total content of heavy
metal determined in each profile horizons in relation to the parent material, with the
Formula [18]:

Igeo = log2[
C

1.5 B
]

C—concentration of the heavy metal in the horizon.
B—background level of heavy metal.

The following classes were distinguished based on the value of the index:

• ≤0: unpolluted.
• 0–1: unpolluted to moderately polluted.
• 1–2: moderately polluted.
• 2–3: moderately to highly polluted.
• 3–4: highly polluted.
• 4–5: highly to extremely highly polluted.
• ≥5: extremely highly polluted.

The ratio of bioavailable forms to the total content of the element was calculated [19].

(Cav/Ct)·100

Cav—content of the bioavailable form of the element.
Ct—total content of the element.
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There was calculated the BF value based on the results of the sequential extraction
procedure with the Formula [20]:

BF = (Cbio·100)/Ctotal

where:

Cbio—concentrations of bioavailable forms of the metal in the studied soils, i.e., forms
contained in fractions I-III of the sequential extraction of soil.
Ctotal—the total concentration of the metal in the studied soil.

2.5. Statistical Analysis

Statistical analyses were carried out to check whether the grouping variables, i.e.,
particle size distribution and land use, discriminate between the properties and parameters
of the soils from surface horizons of profiles. To assess the effect of soil properties on the
content and forms of heavy metals, Pearson’s correlation coefficients between selected
data were calculated. All correlation coefficients results were analyzed in the Statistica
13.3 program at a significance level of α ≤ 0.05. Principal component analysis (PCA) was
made by Canoco 5 software.

3. Results
3.1. Soil Physicochemical Properties

The results were presented in the earlier publication of the authors [13]. Analyzing
the mechanical composition, a slight differentiation was found in the group of soils made
of sands in horticultural use. In Biała Podlaska, in the gardens there were loamy sand on
sand, in Lubartów in the domestic garden-loamy sand on sand, in the allotment garden-
loamy sand, and in Tarnobrzeg in the domestic garden-loamy sand and sandy loam, in
the allotment garden-loamy sand on sandy loam. Sandy soils used for agriculture in all
localities had a mechanical composition of sand (Supplementary Materials Table S1).

The reaction of sandy soils was slightly acidic to neutral in domestic gardens, acidic
to neutral in allotment gardens, and strongly acidic in agricultural [21]. The mode of land
use also influenced the sorption capacity. The sum of alkaline cations reached the highest
values in humus horizons, and its gradual decrease followed with depth, with lower
values in arable than in horticultural. However HA was higher in arable than garden soils.
Relationship with land use occurred when analyzing the content of C and N, where the
mode of land use influenced the greater amount of this component in the humus horizons
of garden soils than in agricultural (Supplementary Materials Table S1).

In the case of the second group of silty soils, the profiles in Przemyśl and Zamość, as
well as in the allotment garden and the arable field in Lublin were characterized by the silt
loam particle size composition. On the other hand, in the domestic garden in Lublin, the
mechanical composition of loamy sand was found (Supplementary Materials Table S2).

In silty soils, the reaction qualified all the tested humus horizons as slightly acidic to
alkaline [21]. Intensive horticulture did not significantly affect the content and distribution
in the profile of the sum of alkaline cations and HA. There were rather no differences
between garden and arable land use on the content of C and N, but the amount was the
highest in humus horizons (Supplementary Materials Table S2).

3.2. Total Cu Content

The total content of copper in the sandy soils from the domestic gardens was higher
than in the samples from the arable fields, whereas high variability of the content of this
element was found in the soil from the allotment gardens. The horticulture activity did not
influence the copper content, which was similar in the entire profiles. However, a greater
amount of copper in the humus horizons and a systematic decrease in its level with depth
were observed in the arable soils (Supplementary Materials Table S3).
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The total copper content was much higher in the agricultural silty soils than in the
sandy soils. Substantially lower differences were observed in the case of the garden soils,
especially in the samples from the domestic gardens. The distribution of Cu in the garden
soil profiles did not exhibit any changes, while the effect of natural leaching processes
was detected in the agricultural soil profiles, which was manifested by a lower amount
of copper in the Et horizons and higher Cu content in the Bt horizon (Supplementary
Materials Table S4).

3.3. Bioavailable Cu Forms

Regardless of the particle size distribution and land use, the humus horizons in all
analyzed soils were characterized by high copper amounts [21]. The highest bioavailable
copper content was detected in the humus horizons of the sandy soils, especially in the
samples from the domestic and allotment gardens. The level of this Cu form was found
to decrease with the profile depth. The highest content of this element was recorded in
the humus horizon from the domestic garden in Biała Podlaska (16.8 mg·kg−1) and from
the allotment garden in Tarnobrzeg (14.1 mg·kg−1) (Supplementary Materials Table S3). A
comparison of samples from the localities with sandy soils to those with silty soils showed
similar contents of bioavailable Cu only in the garden samples. In the group of silty soils,
the highest bioavailable Cu content, i.e., 25.00 mg·kg−1 was determined in the humus
horizon of the soil from the domestic garden in Zamość. All humus horizons of the garden
soils had a higher level of this element than the arable field soil. (Supplementary Materials
Table S4).

3.4. Indices of Pollution

In the sandy soils, the concentration indexes calculated from the ratio of the copper
content in the horizon to its content in the background indicated the highest concentration
of the element in the topsoil layers. The values of the index ranged from 0.48 to 3.30 and
were not influenced by the mode of land use (Supplementary Materials Table S3).

Regardless of the land use, the highest values of the copper concentration index in
the silty soil profiles were calculated for the topsoil horizons. There were no differences
related to the different modes of land use (Supplementary Materials Table S4).

In the sandy soils, the Igeo index values were very low, regardless of the mode of
land use and horizon (0–1.14). Based on the values of this index, the analyzed soils were
classified as unpolluted or moderately polluted (Supplementary Materials Table S3). The
Igeo values in the silty soils were even lower, ranging from 0.00 to 0.12, and classified them
as unpolluted soils (Supplementary Materials Table S4).

The percentage proportion of bioavailable copper in the total content in the sandy
soils was the highest (>50%) in the humus horizons of the garden soil but did not exceed
40% in the arable soil (Supplementary Materials Table S3).

The calculated ratio of the bioavailable copper form to its total content in the silty soils
had lower values than in the light soils. The highest Cu index values, i.e., 9.59–64.38%,
were calculated for the garden soils, whereas the lowest values, i.e., 8.11–25.30%, were
calculated for the arable soil. The index values declined with depth in a majority of the
studied profiles (Supplementary Materials Table S4).

The BF index for copper in the sandy soils was characterized by very low values:
0.00–41.41, with the highest values in the topsoil horizons. As shown by the values of
the index, large amounts of bioavailable Cu were detected in the domestic garden soil
from Biała Podlaska and in the soil profiles from Tarnobrzeg (Supplementary Materials
Table S3).

The BF values for the silty soils were slightly higher, i.e., 3.73–57.49, compared to the
light soils. There were no significant differences related to the mode of land use or between
the soil profile layers (Supplementary Materials Table S4).
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3.5. Sequential Extraction of Cu

Interestingly, the light soils had no content of the most bioavailable copper fraction
I. Additionally, no Cu fraction II bound to iron and manganese oxides was found in the
arable soil samples from Biała Podlaska, Lubartów, and Tarnobrzeg. In the garden soils
from Tarnobrzeg, copper fraction II was present in the entire profile of the domestic garden
soil and in the humus horizon of the allotment garden soil. The content of this fraction was
in the range of 0.08–1.49 mg·kg−1 (Supplementary Materials Table S3), which accounted
for 0.33 to 5.79% (Figure 2).
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In the sandy soils, humus-bound copper fraction III was detected only in the humus
horizons of the garden soils from Biała Podlaska (the highest content: 11.69 mg·kg−1)
and Lubartów-0.87 and 0.16 mg·kg−1 (Supplementary Materials Table S3). In Tarnobrzeg,
regardless of the mode of land use, the humus-associated fraction was present in the
entire profiles and ranged from 1.12 to 5.08 mg·kg−1 (Supplementary Materials Table S3),
constituting from 0% to 41.41% of the total copper content (Figure 2).

The residual Cu fraction was the largest of all the fractions determined in the study.
In the sandy garden soils, it was in the range of 5.60–38.74 mg·kg−1 (Supplementary
Materials Table S3), which accounted for 58.59–100% of the total copper content (Figure 2).
In turn, a narrower range of 2.02–10.58 mg·kg−1 (Supplementary Materials Table S3), which
corresponded to 70.14–100% of the total copper content, was detected in the arable soils
(Figure 2). In terms of the land use, the content of the residual copper fraction decreased
with depth in the arable soils, while no such relationships were noted in the case of the
garden soils (Supplementary Materials Table S3).

The content of water-soluble copper fraction I in the silty soils ranged from 0.00 to
7.06 mg·kg−1 (Supplementary Materials Table S4) and its percentage proportion in the total
content, regardless of the mode of land use, was in the range of 0.00–15.29% (Figure 3). This
was the smallest fraction of all those analyzed in this study. The soil sampled in Zamość
exhibited an outstanding profile with the highest content of fraction I, which was found to



Appl. Sci. 2021, 11, 9018 8 of 14

vary greatly with a tendency towards higher contents in the parent material. The humus
horizons exhibited high levels of this fraction as well (Figure 3).
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Regardless of the mode of land use, the content of the copper fraction II bound to
iron and manganese oxides in the soils ranged from 0.10 to 4.21 mg·kg−1 (Supplementary
Materials Table S4), and its percentage proportion in the total content was in the range
from 0.24 to 23.04% (Figure 3). The analysis of the content of this fraction in the analyzed
cities revealed its highest levels in all genetic horizons in the soils sampled in Zamość,
irrespective of the mode of land use. It was impossible to assess whether the humus
horizons had a greater proportion of this fraction; moreover, its distribution in the profile
was highly variable. The difference in the content of copper fraction II between the field
and garden soils was unclear (Figure 3).

Regardless of the mode of land use, the content of humus-bound copper fraction III
ranged from 0.91 to 9.42 mg·kg−1 (Supplementary Materials Table S4), which accounted
for 2.17–45.92% of the total content (Figure 3). It was impossible to show unequivocally
whether the content of this fraction was higher in the garden soil profiles, especially in
the topsoil layer, as was the case of the sandy soils (Figure 3, Supplementary Materials
Table S4).

The percentage proportion of the residual fraction in the total Cu content in the silty
soils ranged from 34.56% to 96.27%, which was lower than that in the sandy soils (Figure 3).
Its content was in the range of 3.00–47.98 mg·kg−1 (Supplementary Materials Table S4). In
terms of the study sites, the largest proportion of this fraction was detected in the profiles of
the domestic and allotment garden soils sampled in Przemyśl. The content of the residual
fraction is determined by the other fractions; hence, its proportion indicates copper forms
that are bioavailable or can be mobilized. The profiles of soils sampled in Zamość and
in the domestic garden in Lublin were characterized by the highest variability of the Cu
fraction composition and a lower level and percentage content of fraction IV (Figure 3,
Supplementary Materials Table S4).
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3.6. Statistical Analysis

Among the copper forms in the sandy soils, the most significant correlations were
found for fractions III and IV mainly with the organic carbon content (r = 0.802 at p < 0.01
and r = −0.788 at p < 0.05, respectively), the total content (r = 0.823 and r = −0.865 at
p < 0.01), and the bioavailable form (r = 0.865 and r = −0.878 at p < 0.01) (Table 2). In the
case of the residual fraction, there was a significant correlation with pH measured in water
(r = −0.668 at p < 0.005). The most mobile fractions did not show any significant correlations,
except from the correlation of fraction II with the silt fraction content (r = 0.936 at p < 0.001).
Weaker statistically significant relationships were found between the bioavailable copper
form and properties that may influence its mobility: pH reaction (r = 0.858 and 0.865 at
p < 0.01) and organic carbon content (r = 0.734 at p < 0.05). Moreover, this form was
characterized by a very high correlation coefficient (r = 0.936 at p < 0.001) with the total
Cu content. Noteworthy, no significant correlations were found for the indicators of the
mobile forms. In turn, the Ca/Ct and BF indices were positively correlated with parameters
of the bioavailability of the elements (r = 0.772 and 0.715 and 0.668 at p < 0.05) and the
organic matter content (r = 0.681 and r = 0.788 at p < 0.05). Furthermore, the correlation
analysis revealed a significant correlation between the BF index and the content of total
and bioavailable Cu (r = 0.865 and r = 0.878 at p < 0.01) (Table 2).

Table 2. Values of Pearson’s correlation coefficients of copper forms and indices with the physico-
chemical properties of sandy soils.

Properties of
Studied Soil Cu Total Cu Avail. pH H2O pH KCl C Org <0.002

Cu Total 1000 0.936 * 0.748 *** 0.782 0,575 0.253
Cf −0.247 −0.195 −0.352 −0,452 0.075 −0.533

Cu Available 0.936 * 1 0.858 ** 0.865 ** 0.734 *** 0.114
Ca/Ct 0.311 0.603 0.772 *** 0.715 *** 0.681 *** −0.043
Igeo −0.171 −0.146 −0.357 −0,459 0.023 −0.483

I Fraction −0.023 −0.013 0.206 0.212 0.19 −0.243
II Fraction 0.461 0.264 0.392 0.404 −0.046 0.936 *
III Fraction 0.823 ** 0.865 ** 0.613 0.665 0.802 ** −0.067
IV Fraction −0.865 ** −0.878 ** −0.668 *** −0.721 −0.788 *** −0.050

BF 0.865 ** 0.878 ** 0.668 *** 0.721 0.788 *** 0.05
Significance level: * −0.001; ** −0.01; *** −0.5.

In the silty soils, there were statistically significant positive correlations of the bioavail-
able Cu form with the Cf (r = 0.714 at p < 0.05), Ca/Ct (r = 0.755 at p < 0.05), and Igeo
(r = 0.912 at p < 0.001) indices and with the organic carbon content (r = 0.721 at p < 0.05).
Although there were no significant relationships between the total and bioavailable copper
content, the Ca/Ct ratio was negatively correlated with the content of the silt fraction
(r = 0.774 at p < 0.05) (Table 3).

The results of the PCA analysis of the parameters of the Cu content in the soils are
presented in Figure 4 and Table 4. The particle size distribution was the most important
variable discriminating the content of copper. A majority of points marked with lowercase
Arabic letters (si, sa) were located on the opposite sides of the first component axis, which
explains over 40.18% of the variance. Unfortunately, there were no regularities in relation
to the mode of land use (do, al, ga, ag), as the results showed high heterogeneity. Except
for BF, all indices described in the present study were negatively correlated with the
basic physicochemical properties (pH or silt content) and with the content of the most
bioavailable Cu fractions I and II or the total copper content. A negative correlation was
also noted between the BF index indicating the proportion of mobile forms and the residual
fraction content. Importantly, there was a positive correlation between the organic carbon
content and the content of fraction III. Fractions I and II correlated positively with the
parameters of the soil conditions, i.e., pH and the silt fraction content, as shown mainly by
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the analysis of the silty soils. As shown in the figure, the light soils exhibited higher values
of Cu indices, whereas higher total content of the element was found in the medium soils.

Table 3. Values of Pearson’s correlation coefficients of copper forms and indices with the physico-
chemical properties of silty soils.

Properties of
Studied Soil Cu Total Cu Avail. pH H2O pH KCl C Org <0.002

Cu total 1 0.333 0.301 0.158 0.471 0.656
Cf −0.053 0.714 *** 0.022 0.048 0.36 −0.406

Cu Available 0.333 1 0.279 0.29 0.721 *** −0.349
Ca/Ct −0.328 0.755 *** −0.029 0.077 0.348 −0.774 ***
Igeo 0.181 0.912 * 0.316 0.028 0.482 −0.631

I Fraction 0.392 0.303 0.004 0.215 0.482 0.052
II Fraction −0.093 0.537 −0.000 0.206 0.434 −0.391
III Fraction −0.645 0.378 −0.139 −0.068 0.024 −0.639
IV Fraction 0.319 −0.520 0.095 −0.090 −0.317 0.525

BF −0.319 0.52 −0.095 0.09 0.317 −0.525
Significance level: * −0.001; ** −0.01; *** −0.5.
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Table 4. Summary of the Cu results in PCA.

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.4018 0.2613 0.0955 0.0760
Explained Variation (Cumulative) 40.18 66.31 75.86 83.46

4. Discussion

The literature describing the problem of soil contamination with heavy metals in gar-
dens presents the opinion that these are soils contaminated by substances from neighboring
houses, roads, urban, and possibly industrial, areas. Copper is one of the most common
heavy metals, and its form in soils may be influenced by such physicochemical properties
as: pH, content of organic matter, calcium carbonate, clay fraction. It is worth emphasizing
that soils under horticultural use as compared to cultivated ones may be characterized by a
higher content of organic matter, which predisposes them to retain heavy metals [5]. In the
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presented studies were higher content in humus horizons of C, N, and sorption capacity
and some changes in the reaction.

Taking into account the reaction of the analyzed soils and the proportion of the silt
fraction, the total content of copper indicated natural levels of the element [22,23], with the
exception of the allotment garden and arable field in Przemyśl and the domestic garden
in Zamość. The silty soils exhibited higher total Cu content than that in the sandy soils,
which was similar in all types of land use. While its distribution in the garden soil profiles
did not show any regularity, the arable soils exhibited a lower Cu level in the Et horizon
and substantially higher content of the element in the Bt horizon, which indicates the
dominance of natural soil-forming processes over anthropogenic factors. Investigations
conducted by many authors have demonstrated a significant relationship of copper contents
with the level of floatable parts and soil type, which was confirmed by the differences
observed in the soils analyzed in this study [24–33]. Nevertheless, the location of the site
may significantly determine the copper content, as suggested by Hursthouse et al. [34].
The mode of land use differentiated the results. The profiles of the garden sandy soils
had an evenly distributed two-fold higher level of copper than the arable soils. In turn,
accumulation of this component and its systematic decline along the profile depth were
observed in the humus horizons of the arable soils. The distribution of the total Cu content
is reflected in concentration indices: the highest values were calculated for the humus
horizons, irrespective of the mode of land use, and the sandy soils were characterized by
higher values. In turn, in the group of the silty soils, a high index was calculated for the
Bt horizon in the arable soils. The absence of differences in the copper content between
silty soil horizons was confirmed by Gorlach et al. [35]. The concentration of copper in
the Ap horizon may be associated with copper binding to organic matter, which has been
reported by many authors [1,28,33,36–39]. As underlined by Kabała et al. [40], the location
of allotment gardens and cultivation treatments promote higher concentration of, e.g.,
Cu in the topsoil layers, compared to agricultural soils. In addition to the concentration
index, the Igeo index presented here not only showed the high levels of the analyzed
element in the soils, but also indicated anthropogenic effects. As reported by many authors,
calculation of the Igeo index facilitates determination of the source of copper concentration,
e.g., in garden soils [41–43].

Additionally, to demonstrate the relationship of copper with organic matter, a sequen-
tial analysis was performed using the BCR method. Very few of the numerous publications
on the application of BCR sequential analysis describe the use of this method in analysis
of horticultural soils. Regardless of the mode of land use, the proportion of the copper
fraction in the sandy soils was as follows: fraction IV > fraction III > fraction II > fraction I;
however, no water-soluble, exchangeable, and carbonate-bound fraction I was detected.
Furthermore, there was no fraction bound to iron and manganese oxides in the agricultural
soils. Higher content of humus-bound fraction III was determined in the humus horizons
of the sandy soils, especially in the garden soils, which proves that the mode of land use
plays an essential role in its distribution. In the silty soils the mode of land use exerted
no impact on the content of copper fractions I, II, and IV. Organic matter-bound copper
fraction III predominated in the humus horizons of the garden soils, but there was no such
relation found in the arable soils.

Compared to the present results, Moćko and Wacławek [44] reported the dominance
of the humus-bound copper fraction and lower content of the residual fraction in the
garden soils from Opole. Given the similarity of the humus horizon, the result is worth
comparing with the arable chernozems from Kujawy characterized by a high proportion of
the humus-bound fraction, which confirms the high affinity of copper to organic matter [18].
Although the arable soils served as a control, their content of the copper fractions is worth
emphasizing. In their investigations of the forms of elements in Chinese arable soils,
Chao et al. [45] showed very similar findings, i.e., the highest proportion of residual and
organic matter-bound fractions and the lowest amounts of mobile fractions. Increased
content of mobile fractions (I and II) may be caused by, e.g., the proximity of industrial
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plants, as demonstrated in studies of cultivated soils in Finland. Residual copper was the
most abundant fraction. Moreover, the content of the organic copper fraction positively
correlated with organic matter [46].

Due to the location of the analyzed horticultural soils, it is worth comparing the
results with other investigations of urban soils. In a study conducted in Naples, Italy,
Imperato et al. [38] carried out sequential analysis and found a high affinity of copper for
organic matter, which was proved by the high proportion of fraction III. In analyses of
the content of toxic forms of metals in urban soils from five European cities, Davidson
et al. [37] found the dominance of fractions bound to iron and manganese oxides as well as
fractions III and IV. As reported by Dąbkowska-Naskręt et al. [47], urban soils from city
parks were characterized by a higher proportion of bioavailable fractions.

The calculation of the BF index reflecting the bioavailability of elements is highly
important. More bioavailable forms were detected in silty soils and the same relation was
stated for Cav/Ct indices. The copper mobility shown in the present study is comparable
to that determined for soils from Kielce [20]. Some sites with the sandy soils were charac-
terized by lower values of the indicators, i.e., below 20%. The parent material of the soils
subjected to horticultural treatments exhibited substantially lower copper content than the
humus horizons.

5. Conclusions

The vast majority of the studied soils had a natural copper content. The distribution
of Cu in the profiles indicated a greater concentration in the humus horizons and this
was reflected in the concentration coefficient and the Igeo index, which also indicated no
contamination. However, the concentration of copper in the surface levels has confirmed
that its content could have been affected by the way it was used in combination with
its location in the city. Thus, the total copper content was higher in garden soils than in
cultivated soils, as indicated by the concentration indices. The study also showed that the
concentration of copper was higher in soils made of sands than of silt, which has proved
that these are the formations that fully reflect the processes of transforming their properties
as a result of use.

Based on the performed sequential extraction analysis, it was found that the last
fraction was dominant in both researched soil groups. Copper was an element with a
negligible content of bioavailable fractions in soils made of sands, as evidenced by its zero
or very low BF index. In the soils made from silt, only fraction I was characterized by low
values. It should be noted that due to the special properties and shape of the soil profiles
used for horticulture, the fraction associated with the organic substance was the second
largest in soils made of sand, which allows concluding that this is the group of soils most
susceptible to high cultivation culture. The affinity of copper and its bioavailable forms
in light soils is also confirmed by the performed statistical analyzes. In soils made of silt,
fraction III was the only fraction whose content varied depending on the use.

Summing up, the analysis of copper distribution in soil profiles based on geochem-
ical indices and BCR analysis have proved the influence of anthropogenic factors. The
granulometric composition had a significant influence on the formation of the soil-forming
processes taking place, as well as the copper content.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/app11199018/s1, Table S1: Content of the forms and values of Cu pollution indices in sandy soils,
Table S2: Content of the forms and values of Cu pollution indices in silty soils, Table S3: Content
of the forms and values of Cu pollution indices in sandy soils, Table S4: Content of the forms and
values of Cu pollution indices in silty soils.
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35. Gorlach, E.; Brydak, K.; Gambuś, F. Distribution of heavy metals in soil profiles of the Cracow region. Pol. J. Soil Sci. 1993, 26,
97–104.

36. Bretzel, F.; Calderisi, M. Metal contamination in urban soils of coastal Tuscany (Italy). Environ. Monit. Assess. 2006, 118, 319–335.
[CrossRef]

37. Davidson, C.M.; Urquhart, G.J.; Ajmone–Marsan, F.; Biasioli, M.; Costa Duarte, A.; Diaz–Barrientos, E.; Grčman, H.; Hossack, I.;
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