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Abstract: Adjusting Polish law to EU standards, many studies were started in the 1990s on the
harmfulness of presumably contaminating elements (PCE) to the environment and the quality of
plants intended produced for food purposes. For this reason, in 1987, a unique microplate experiment
was established on natural soils artificially contaminated with copper, zinc, lead and cadmium
oxides (up to the pollution level of class I, II and III). The soils were diversified in terms of pH
(through liming), organic matter content (through the addition of brown coal) and the grain size
composition of the humus level (Ap) (strong clay sand and light silt clay). After 14 years from
the introduction of different rates of metals into the top layer (0–30 cm) of the two soils studied,
relatively large movement of heavy metals in the soil profile occurred. The amount of leached metals
depended mainly on the rate of a given element. The more contaminated was the soil was, the
heavier the metals that leached to lower genetic levels of soil. Contaminated soils always had a
higher concentration of individual metals in Et than in Bt level. The content of the tested metals in
the Et layer was determined in HCl (1 mol·dm−3) and compared to the humus level. Only at the soil
depth below 50 cm (Bt), the content of the studied metals’ forms was much lower than in the surface
levels. The calculated mobility coefficients of the tested metals determined in 1 M HCl indicate a
larger movement of the tested metals in lighter soils than in medium soils. The highest displacement
coefficients were obtained for cadmium, while the lowest were for lead. An increase in mobility was
obtained alongside an increase in soil contamination with the heavy metals studied. By analyzing
the mobility coefficients (heavy metal increase in the Bt and Et layers), they can be ranked in the
following decreasing sequence: on light soils: Cd > Cu > Zn > Pb and on medium soils: Cd > Zn >
Pb > Cu.

Keywords: soil pollution level; presumably contaminating elements (PCE); organic carbon; heavy
metal mobility; heavy metals in soil profiles

1. Introduction

Currently, one of the major threats to soil and plant quality is contamination by
presumably contaminating elements (PCE), especially lead and cadmium. According to
Kabata-Pendias [1], the balance of heavy metals in Europe is positive. Both cadmium and
lead are elements belonging to the group of heavy metals with a very high risk to the envi-
ronment [2,3] and feeds [4]. As indicated by Dziadek and Wacławek [5], the development
of civilization and industrialization continues to cause increased pollution of soil with such
heavy metals, which poses a threat to the quality of crops and the development of all living
organisms [6,7]. In the case of some of PCE, the persistence in the soil is fairly immobile,
but in some others, it would be more mobile. PCE reaches the soil mainly in the form
of insoluble compounds. Then, they undergo different changes in the soil depending on
their physical and chemical properties. The relocation of heavy metals in soil profiles is an
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important element of environmental monitoring, because even a slow migration of these
elements in the profile may lead to the pollution of groundwater [8].

The solubility of PCE in the soil depends primarily on the reaction of the soil, the gran-
ulometric composition, the capacity of the soil composition and the content of organic
matter in the soil.

The mobility of heavy metals in the soil environment depends on the form of their
occurrence and the mechanisms of their fixing to organic and inorganic soil components [9].
The possibility of such contaminants spreading in the soil environment and penetrating
into the soil solution poses a risk of heavy metals entering the groundwaters and food
chain [10]. Organic matter has this ability. This substance forms simple or complex chelate
compounds with heavy metals. They prevent the movement of PCE, immobilizing them
in the soil. It should be stressed, however, that the fixing of heavy metals by soil humus
is associated with the number of active fixation points of this medium. As far as humus
substances are concerned, the exact nature of the fixation points is not known, and therefore,
the determination of changes in solubility of metals in a specific soil environment under
the influence of organic substances is a good indicator of the possibility of their uptake
by plants. Due to the strong sorption properties of the soil, what is possible thanks the
presence of the organic matter, heavy metals are to a large extent retained in its upper,
humus layers. The greatest amounts of Cd and Pb are found in the 0–5 cm layer of soil.
Decreasing the soil pH also affects the mobility of heavy metals, and an effect on their
leaching takes place. The soil reaction also plays an important role, as it shows a strong
effect on adsorption of heavy metals. For example, the precipitation of Pb in the form of
carbonates and phosphates at pH > 6.5 is an important process for its immobilization in
the arable soil layer. The soil texture factor contributes a positive role in the mobility of
metals in the soil profile. The soil consists of minerals and fine particles such as oxides
and clays. The soil texture reflects the particle size distribution. These particles of oxides
and clays are most important and act as adsorption/biding surface for heavy metals in
soils. The clay soil retains a high amount of metals compared to sandy soil. The mobility of
metals can be controlled by the sorption process. Due to the mobile nature of the metals,
certain problems would occur when they reach the ground water and when they will
be taken up by the plants. Their persistence in soil also causes an accumulation of PCE
in the food chain when they reach the maximum concentration in the environment [11].
Adjusting Polish law to EU standards, many studies were started in the 1990s on the
harmfulness of PCE heavy metals to the environment and the quality of plants intended
for food purposes. For this purpose, the factors influencing the mobility of heavy metals
in basic soil species and the influence of various crop management techniques on metal
uptake by basic plant species were investigated. Research was conducted on the influence
of various factors on the leaching of heavy metals, which poses a risk of water pollution
with these elements. Therefore, at the Department of Agricultural Chemistry of the Warsaw
University of Life Sciences has undertaken the research to assess the impact of the different
pH and organic matter content in the soil on the mobility of heavy metals. Additionally,
which of the extraction methods (forms of heavy metals) in the best way describes the
correlation between the content of a given element in the soil and its uptake by plants was
assessed.

An additional objective of these studies was to assess the impact of various factors
on the mobility of individual metals in the soil by determining the mobility coefficients in
the conditions of crop management techniques, balanced mineral and organic fertilization
and soil liming. For this purpose, in 1987, a unique microplot experiment was established
on soils artificially contaminated with copper, zinc, lead and cadmium oxides (up to the
pollution level of class I, II and III, according to the regulation of the Minister of the
Environment). The soils were diversified in terms of pH (through liming), organic matter
content (through the addition of brown coal) and the grain size composition of the humus
level (Ap) (strong clay sand and light silt clay).
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The paper assesses the influence of artificial contamination of soils with heavy metals
of light and medium soils on the movement of heavy metals deep into the soil profile
depending on selected physical and chemical properties.

2. Materials and Methods
2.1. Study Area Location

The experiment was carried out on microplots at the Experimental Station in Skierniewice
(Poland) (Lat:51◦58′ N; Long:20◦10′ E), which belongs to the Faculty of Agriculture and Biology
at the Warsaw University of Life Sciences under natural climatic conditions. The climate at
the site is temperate with a mean annual rainfall for the years 1921–2020 at 536.1 mm, a mean
annual temperature 8.1 ◦C and insolation 1714 h. This climate is considered as Dfb according
to the Köppen-Geiger climate classification (warm humid continental climate).

2.2. Study Area

The experimental factors in the experiment were: two types of soil (light soil—loamy
sand with 17% of particles < 0.02 mm and medium soil—light dusty clay with 25% of
particles < 0.02 mm), three levels of Corg. concentration (6, 9 and 12 g C·kg−1 of the soil),
four levels of heavy metal contamination of soils Zn, Pb, Cd and Cu (natural content—0,
increased content—I, weak contamination—II, medium contamination—III [12].

The microplots were supplied with vitrified clay pipes with diameter of 0.4 m and a
height of 1.2. They were buried vertically in the soil, which in 1987, were filled with layers
of Albic Luvisol soil (FAO, 1998): (1) ochric (Ap) 0–30 cm (the surface horizon that has been
plowed or cultivated)—17% of particles < 0.02 mm; (2) luvic (Et) 30–50 cm (the subsurface
horizon of eluvial loss of silt and clay)—13% of particles < 0.02 mm; (3) agric (Bt) below
50 cm (the subsurface horizon of illuvial accumulation of clay and humic substances)—25%
of particles < 0.02 mm.

In 2004, the arable soil layer was removed from each pot to the depth of 30 cm. In half
of the microplots, a soil material of strong clay sand composition was used, while in
the second half, of light dusty clay. Appropriate amounts of calcium carbonate, lignite
and heavy metals (Cd, Cu, Zn and Pb) were added to the 0–30 cm layer. As a result,
soils representing 4 levels of contamination with 4 abovementioned heavy metals were
obtained. Single doses of individual heavy metals per microplot (56 kg of soil) were:
zinc—3.2 g in the form of ZnO, lead—28 g in the form of PbO, copper—1.3 g in the form
of CuO and cadmium—35 mg in the form of CdSO4·H2O. In this way, research objects
with different acidification levels (pH 4.2, 4.9, 5.9) were created, 3 levels of organic carbon
(approx. 6, 9 and 12 g·kg−1), 2 levels of floating parts (17 and 25%) and 4 levels of soil
contamination with heavy metals (natural content (0), elevated (I), polluted in the 1st
degree (II), polluted in the 2nd degree (III)). The classification mentioned above enables us
to assess the extent of soil contamination with heavy metals taking their bioavailability into
account. The experiment consisted of 216 ground microplots. In the experiment, different
plant species were cultivated in the following years of the experiment (cereals, maize,
rapeseed, mustard seed, coarse-seeded legumes).

2.3. Collection and Processing of Soils

Soil samples were taken for testing in 2018 after the harvest of spring barley for grains.
Soil samples were collected at the end of the growing season (September–October) from
0–25 cm soil layer. Next, the soil was prepared for analysis in accordance with the ISO11465
standard. The soil material was determined for: organic C by direct method PN-EN 15936,
pH in the suspension KCl (mol·dm−3) PN-EN 10390, sum of alkali (S in 0.1 M HCl) and
hydrolytic acidity (Hh in 1M (CH3 COO)2 Ca) by the Kappen method, exchangeable cations
in the solution of 1 mol·dm−3 CH3COONH4 using the Jackson method. Heavy metals
were determined in 3 levels (top layer Ap, Et, Bt) in the extract of 1 M HCl, while in level
Ap 3 with methods: total (in royal water acc. to PN-ISO 11466) and in 1 mol·dm−3 HCl [13].
The content of cations in the solution was determined by the AAS method. In order to
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validate the method for accuracy and precision, certified reference material was used.
The measurement of uncertainty for heavy metals was assessed for light soil based on
CRM trace metals silt clay 1 and for medium soil trace metals—clay 1. The calculated
measurement uncertainty for the metal determination method in aqua regia was: Pb± 22%,
Zn ± 20%, Cu ± 17%, Cd ± 25%. The samples are used in duplicate to detect systematic
errors due to the sample’s matrix, or to evaluate the stability of a sample after its collection.

The movement of heavy metals in the soil profile was determined on the basis of the
mobility coefficient CM (increase in heavy metal in the Bt and Et layer compared to the
control).

The obtained results were analyzed statistically by means of variance analysis (us-
ing Tukey’s test) and single factor regression. Statistical calculations were performed using
the program Statgraphics plus). Results are the means from 3 replications.

3. Results
3.1. Physico-Chemical Characteristics of Soils

Apart from the granulometric composition, the tested soils differed in the capacity of
the sorption complex, degree of alkaline saturation, hydrolytic acidity and pH. The actual
pH of light soil was 4.0, 4.97 and 5.96, while of medium soils, it was 4.03, 5.08 and 6.05,
respectively. The actual Corg. concentration in the light soil was 6.6, 9.2 and 11.9 g·kg−1,
while in the medium soil, it was 6.2, 8.9 and 1.8 g·kg−1, respectively. In the tables, total pH
values were assumed to be 4, 5 and 6, while Corg. in g·kg−1 was 6, 9 and 12.

Light soil had a smaller sum of exchangeable alkalis, lower value of the sorption
complex saturation with alkalis, higher hydrolytic acidity and lower capacity of the sorption
complex than the average soil (Table 1). With the increase in soil pH, the sum of alkalis
and the sorption complex saturation with alkalis increased, while the hydrolytic acidity
decreased in both light and medium soils. The increase in the sum of alkalis and sorption
capacity could result from an increase in the amount of active alkaline cations as well as
from an increase in the amount of free uncompensated negative loads on the organic part
of the sorption complex, as shown by Fotyma and Mercik [14]. The increase in soil organic
carbon concentration in the range 6–12 g·kg−1 caused a lower increase in the sum of alkalis
and capacity of the sorption complex than the addition of CaCO3. A varied concentration
of organic carbon had little effect on the saturation of the sorption complex with alkalis.

The soils were the least varied in terms of exchangeable potassium concentration.
The medium soil, as compared to light soil, contained twice as much calcium, six times as
much magnesium and 23% more potassium (Table 2).

3.2. Share of Soluble Forms of Heavy Metals in the Total Content of These Elements in the Soil

Light soil contained, on average, less total heavy metal forms than the medium soil
(Figure 1). This is because the natural concentration of these metals in the medium soil was
higher than in the light soil. Zinc occurred in the highest amount, while cadmium in the
lowest amount in the soil.
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Table 1. Average soil pH, sum of alkalis (S), hydrolytic acidity (Hh), capacity of the sorption complex (T), saturation of the
sorption complex with alkalis (V) in the top layer (0–30 cm) of soil.

Soil Texture
Corg. Content

in g·kg−1 Soil pH S Hh T V

mmol (+) kg−1 %

Strong loamy
sand

4 29.6 a 43.6 c 73.1 a 40
5 37.4 b 36.1 b 73.5 a 51
6 58.1 c 30.4 a 88.6 b 66

Light silty loam
4 87.8 a 34.1 c 121.9 a 72
5 102.4 b 29.5 b 131.9 b 78
6 121.4 c 23.5 a 144.9 c 84

Strong loamy
sand

6 34.1 a 30.0 a 64.2 a 53
9 41.1 b 35.7 b 76.8 b 54

12 49.8 c 44.4 c 94.2 c 53

Light silty loam
6 96.1 a 23.3 a 119.4 a 80
9 102.7 b 27.7 b 130.4 b 79

12 112.7 c 36.1 c 148.8 c 76

a, b, c—treatments with the same letter are not significantly different (p ≤ 0.05).

Table 2. Mean content of exchangeable cations (mg·kg −1) in the top layer of light and medium soils
(0–30 cm).

Soil Texture
Mean Content of Ca, Mg and K w mg·kg −1 d.w.

Ca Mg K

Light 674.3 55.9 130.0
Medium 1440.2 332.9 159.6

In the extract of 1 M HCl, an average of 65 to 94% of the total concentration of the
metals determined in royal water was determined (Figure 2). The highest proportion of this
metal form was obtained for lead, while the lowest for cadmium. A higher proportion of
this metal form was obtained in light soil than in medium soil. The solubility of metals in 1
M HCl was influenced by the degree of soil contamination with these elements. The highest
relationship was obtained for zinc. In both light and medium soils, the proportion of the
soluble form of this element determined in HCl considerably decreased together with its
increasing concentration in the soil. On light soils, a significantly lower proportion of this
form of lead and copper was obtained only on the soil that was most contaminated with
these elements. On medium soil, the percentage of the form of Pb, Cd and Cu soluble in HCl
in the total form did not depend on the degree of soil contamination with these elements.

The percentage of the available form of the metals tested determined in 1M ammonium
nitrate ranged from 2 to 35% compared to the total form (Figure 3) The highest percentage
of this metal form was obtained for cadmium and zinc. The solubility of copper and lead in
NH4NO3 was many times lower than Zn and Cd. Higher solubility was obtained on light
than on medium soil. The increase in the amount of metals in the soil usually significantly
increased the percentage of this form of metals in the total concentration. A reverse relation
was obtained only for lead. This indicates that the form of lead added to the soil is poorly
soluble in 1M ammonium nitrate.
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3.3. The Relocation of Heavy Metals in Soil Profiles

After 14 years from the introduction of different rates of metals into the top layer
(0–30 cm) of the two soils, relatively large movement of heavy metals in the soil profile
occurred (Figure 4). The amount of leached metals depended mainly on the rate of a
given element. The more contaminated the soil was, the heavier metals leached to lower
genetic levels. Contaminated soils always had a higher concentration of individual metals
in Et than in Bt level. In the Et layer, the content of the metals tested determined in HCl
(1 mol dm −3) was comparable to the humus level. Only at the depth below 50 cm (Bt), the
content of the studied metal form was much lower than in the surface levels. It indicates
that within a few years after the contamination of soils with heavy metals, the largest
amounts of them moved to the subsoil layer. However, in the layer below 50 cm, significant
amounts of the heavy metals studied were also obtained, which indicates the possibility of
their movement into deeper soil layers.

The calculated mobility coefficients of the tested metals determined in 1M HCl indicate a
larger movement of the tested metals in lighter soils than in medium soils (Figures 4 and 5).
The highest displacement coefficients were obtained for cadmium, while the lowest were for
lead. An increase in mobility was obtained alongside the increase in soil contamination with
the heavy metals. By analyses of the mobility coefficients (heavy metal increase in the Bt and
Et layers), they can be ranked in the following decreasing sequence: on light soils: Cd > Cu >
Zn > Pb and on medium soils: Cd > Zn > Pb > Cu.
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illuvial accumulation of clay and humic substances.
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4. Discussion

In our research, the movement of PCE in the soil profile was detected. The highest
leaching took place at low soil pH and relatively low organic matter content. In the
more contaminated soil, the heavier metals leached deep into the soil profile. The most
susceptible to leaching was Cd, while the least was Cu. In the literature, it can be found
that more leaching of cadmium and nickel occurs from sand soil than from loam soil [15].
Comparing the results of the research with the data of other authors, it can be stated that a
higher leaching of heavy metals deep into the soil profile occurs on lighter soils compared
to the medium. In Gębski’s study [16], heavy metals (Zn and Cd) introduced into the arable
layer were easily moved to deeper layers of the soil profile. The mobility of these elements,
and thus, their leaching intensity, increased together with the decrease in soil pH. A similar
tendency was observed in our own research. However, at high soil pH, the movement
of Cd deep into the soil profile is small [17]. In turn, Borowiec et al. [18] report that Cd
can accumulate mainly at the accumulation level, although most studies indicate that this
element can easily move deep into the soil profile. Many researchers have observed a
significant reduction in the leaching of Zn and Cd metals under the influence of an increase
in soil pH value and a lack of Pb response to a change in pH [19]. This thesis is confirmed
by our own research. There is also no evidence of the movement deep into soil profiles of
Zn, Cd and Pb in soils with a similar pH to the neutral one and having a higher content of
floatable parts [20–22]. The finding that higher movement of Zn and Cd occurs in sandy
soils with strong acidity [23] is consistent with the results of our research.

Most literature reports that lead does not leach into the soil profile, but Bowen [24]
states that this element does move in the soil, yet very slowly. Kabata-Pendias and Pen-
dias [25], on the other hand, draw attention to the possibility of a serious change in the rate
of lead movement in the soil profile due to a decrease in soil sorption capacity or an increase
in acidification. Under such conditions, this element can migrate to groundwater, posing
a serious toxicological risk. Other researchers from the Czech Republic who determine
the mobility of Pb, Zn and Cd in soils from the Příbram region (Czech Republic) heavily
contaminated by metallurgy—two profiles of alluvial soils were closely studied—report
that the profile distribution of lead (the least mobile metal) is characterized by a gradual
decrease with depth [26].

The addition of increasing amounts of organic matter in the soil in the range of
6–12 g/kg reduced the leaching of PCE deep into the soil profile, especially on light
soils. The increase in Corg. concentration in the soil limited the leaching of Pb the most,
while Cd the least. The literature also states that heavy metals do not leach deep into
the soil profile but accumulate in the topsoil layer. In the arable layer of Lublin soils,
higher amounts of cadmium are found compared to their subsoil [27]. In the study of
Kaniuczak and Hajduk [28], a higher Cd concentration was found in the layer of 25–50
than 0–25 cm. On the other hand, studies carried out in the area of influence of the
Częstochowa Steelworks (Poland) (where most of the soils belong to weakly clayey sands)
for the condition of the soil environment showed a lack of movement and accumulation
of Zn, Cd, Pb, Cr, Ni and Cd in deeper soil layers [29]. This shows that the leaching of
heavy metals in natural conditions is lower than in the microplot experiment, where this
movement is strong.

5. Conclusions

In the extract of 1 M HCl, we obtained an average of 65 to 94% of the total concentration
of the metals determined in royal water. The highest proportion of this metal form was
obtained for lead, while the lowest for cadmium. The percentage of the form soluble in HCl
significantly decreased together with the increasing concentration of this element in the soil.
The share of available form, determined in 1M ammonium nitrate, of the studied metals
ranged from 2 to 35% compared to the total form. The highest share of this metal form was
obtained for cadmium and zinc. The increase in the amount of metals in the soil usually
significantly increased the share of this metal form in the total concentration. The leaching
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of the studied metals depended on the degree of contamination and soil species. The more
contaminated the soil was, the more PCE determined in 1 M HCl leached to lower genetic
levels, more to Et than Bt. The highest displacement factors were obtained for cadmium,
and the lowest were for lead. By analyzing the mobility coefficients (heavy metal growth
in the Bt and Et layers), they can be ranked in the following decreasing sequence: on light
soils: Cd > Cu > Zn > Pb and on medium soils: Cd > Zn > Pb > Cu.
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