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Abstract. Against the background of an increasing number of local uncontrolled landfills in Ukraine,
the issue of their impact on the state of soils has become especially urgent, due to the high mobility of
toxic elements and their long-term preservation in the environment. This study aimed to investigate
the connection between the morphological composition of waste on unauthorised landfills and the
degree of heavy metal content in soils of technogenically transformed territories. The standardised
technique of sampling of municipal solid waste and soils was used, in accordance with national
standards of Ukraine and international standards. Determination of the morphological composition of
municipal solid waste was carried out by fractional sorting into the following morphological fractions:
plastics, paper and cardboard, glass, metal, organic, textiles, building materials, and other mixed
fractions. Soil sampling was carried out at a depth of 0-20 ¢cm, where the maximum accumulation
of anthropogenic metals takes place. Determination of the concentration of Cd2+, Cu2+, and Zn2+
was carried out by atomic absorption spectrometry, which provided a high accuracy of quantitative
analysis. Statistical processing of the results consisted of correlation analysis, determination of the
coefficients of determination and creation of regression models to establish the relationship between
the share of separate morphological fractions and the degree of soil pollution. Additionally, the
environmental risk was estimated by calculating the accumulation index, the contamination factor
and the modified potential ecological risk index. The obtained results testified to the statistically
significant relationship between the increased concentrations of heavy metals in the soil cover and the
presence in the waste stream of such morphological fractions, as metal scrap, fine-dispersed plastics,
electronic and electrical waste, building materials with paints, varnishes and other mixtures based
on polymers. The highest mobility to soils was shown by Pb2+ and Cd2+, which correlated with the
morphological fractions that included used batteries, small metal items and electrical and electronic
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waste. The organic morphological fraction is not a direct source of heavy metals; however, it contributes
to their mobilisation during the mineralisation process and formation of organic acids

Keywords: concentration factor; pollution index; mobile forms of elements; adsorption; leachates

INTRODUCTION

Illegal dumping is one of the most serious envi-
ronmental problems in today’s urbanised society.
The environmental risk posed by illegal dumping
sites is not only due to the stock of waste but also
to the absence of artificial impermeable layers,
leachate collection systems and monitoring sys-
tems, which allows the interaction of the waste
with the soil profile and the hydrological network.
In urban and periurban environments, the dump-
ing sites are frequently located in micro depres-
sions, gullies, roadsides and along the boundaries
of agrocenoses, that is, areas that receive surface
run-off and occasional inundation, which facili-
tates the flow of pollutants to the soil and water
bodies. This implies that the environmental risk
does not stop at the spatial limits of the dump, but
extends to other areas with different land uses. In
the physical disintegration of waste and biodeg-
radation of the organic fraction, and after rainfall,
the leachates are generated. Leachates can be en-
riched with heavy metal soluble and colloidal frac-
tions and may flow through the soil and into the
groundwater. This mechanism transfers contami-
nants from the waste to the environment, expand-
ing the spatial scale of the risk and the complexity
of remediation actions.

W. Ahmad et al. (2021) pointed out that soil
pollution in the surrounding areas of dumping
sites usually shows higher concentrations com-
pared to the background values and poses higher
environmental and health risks. Recent environ-
mental studies have evidenced that the movement
of leachate is one of the key sources of metal pol-
lution in the soil and water of dumping sites. Thus,
J.K. Drall et al. (2025) in an integrated study on an
uncontrolled dumping site (soil and groundwater
study and application of pollution indexes) con-
cluded that the mobility of leachate components
causes metal pollution in the environmental com-
ponents and suggests the need for control of infil-
tration, monitoring and minimising the dispersal
of leachates. Notably, the influence of leachate is
not limited to abiotic compartments. J. Chen et
al. (2025) studied the environmental impacts of il-
legal dumping (slag and sewage sludge) and found

that heavy metal pollution was associated with
significant changes in the structure of the bacte-
rial soil community, such as a decrease in bacterial
diversity and changes in the relative abundance of
the bacterial groups. The authors indicated that
the illegal dumping acts as a disturbance factor of
the soil microbiome and consequently could affect
the soil processes of matter transformation.

The morphological composition of municipal
solid waste (MSW), the percentage distribution of
organic matter, polymeric materials, metals, glass,
textiles, and construction debris, determines not
only the physical properties of a landfill (such as
porosity and permeability) but also the chemical
processes occurring within it. For example, the
predominance of the polymer fraction promotes
the prolonged persistence of organic and inert
components, while also potentially enhancing
the accumulation of metallic impurities through
adsorption and the mechanical release of fillers
and additives from plastics. Conversely, a sub-
stantial proportion of batteries, cables, printed
circuit boards, and metal fragments directly in-
creases the risk of Pb*" and Pb* ions entering soils
and leachate. I. Holzle et al. (2022) concluded that
environmental control is a critical factor in the
risk assessment and planning of landfill man-
agement measures. Q. Wang et al. (2021) found
that the morphological composition of waste is
closely related to the species and contents of ele-
ments that are likely to be dissolved or extracted.
A. Podlasek et al. (2023), discussing the pollution
potential of MSW landfill leachate (case studies
and worldwide overview), stated that leachate
properties are influenced by the percolation of at-
mospheric precipitation through the waste mass
and the set of physicochemical and biological pro-
cesses occurring in the landfill body. With regard
to morphological composition, they pointed out
the large variability of leachate and the need to
take into account the context of waste formation
and transformation conditions when evaluating
environmental risk. Another issue is the chem-
ical bioavailability and mobility of metals in the
soil, which depend on multiple factors, such as

Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026 11

LAy

LAy



P

R aN

Unauthorised landfills as a source of heavy metals...

PH, content of organic matter, sorption and des-
orption processes, redox conditions, and the pres-
ence of complexing agents. The morphological
structure of waste indirectly affects these factors.
For example, the organic component accelerates
the formation of low-molecular-weight organic
acids during decomposition, which increases the
solubility and mobility of some metals. The pol-
ymeric component can serve as a matrix for the
adsorption or dispersion of particles with metallic
impurities. Therefore, the correct interpretation
of the content of metals in soils requires simul-
taneous analysis of both the morphological struc-
ture of waste and soil properties, as indicated by
K. Godyn et al. (2023).

This article aimed to investigate the effect
of the morphological composition of unauthor-
ised landfills on the accumulation of heavy met-
als (Pb?*, Cd*, Cu*, Zn?") in the upper soil horizon
of technogenically impacted areas, to reveal sta-
tistically significant correlations, and to develop
practical recommendations for monitoring and
remediation. The scientific novelty of the research
is the mandatory consideration of the actual mor-
phological structure of waste as an independent
factor in the interpretation of soil properties,
while in previous studies, this issue was consid-
ered separately or only partially. The proposed
approach is of practical importance for regional
waste management programmes and ecologically
optimal planning of remediation activities.

MATERIALS AND METHODS
The research was carried out on two landfill sites
in different physiographic zones of Ukraine, which
made it possible to comprehensively study the
regional features of anthropogenic pressure on
the soil environment. Site 1 was placed in Nizhyn
district, Bakhmach territorial community, Cherni-
hiv region (51°09'45"N, 32°42'14"E) at a distance
of 17 km from the town of Bakhmach. The area
of technogenically disturbed land is 2.25 ha. Soil
samples were collected twice: in spring 2025 (the
third ten-day period of April) and again in summer
2025 (the third ten-day period of August), which
permitted evaluation of the seasonal changes in
soil ecological state. Site 2 was placed in Uman
district, KniazhoKrynytsia territorial community,
Cherkasy region (49°06'22"N, 29°44"18"E), 4 km
from the village of Kniazha Krynytsia. The landfill

area was 0.2 ha. The soil samples collection was
done in the same order and terms as at Site 1: in
spring 2025 (the third ten-day period of April) and
repeated in summer 2025 (the third ten-day period
of August), which allowed comparison of spatial
and temporal transformations of soil properties.
Both sites are characterised by chernozem soils.
According to regional features, in Nizhyn district,
chernozems prevail (together with marsh soils in
the floodplains), whereas in Cherkasy region, typ-
ical chernozems prevail (together with podzolised
and dark grey podzolised soils), with typical and
degraded chernozems being a significant part of
the regional soil cover. Climatic characteristics of
the regions are presented according to the data of
Climate-Data.org (n.d.).

Site 1:

e climate type: humid continental with warm
summers (Dfb according to the Koppen-Geiger
classification);

e mean annual air temperature: approximate-
ly 8.3°C;

e mean annual precipitation: approximately
671 mm/year; for Nizhyn district, a range of 550-
660 mm/year is reported, with a maximum during
the warm season.

Site 2:

o climate type: humid continental with warm
summers (Dfb);

e mean annual air temperature: 9.6°C;

e mean annual precipitation: approximately
618 mm/year.

Land use of the area surrounding Site 1 is
characterised by a mixed economy structure with
agriculture being a leading component and for-
est and shelterbelt components. The district is
also characterised as a district where the lead-
ing sectors are agricultural production and for-
estry (Baranovska et al., 2000). Therefore, the
surrounding areas are classified as agricultural
landscapes (arable land/fields) with elements
of forest vegetation and floodplain areas. Cher-
kasy region is characterised by a very high de-
gree of land cultivation. According to the data of
R. Podzerei (2024), in some regions of Ukraine,
among them the Cherkasy region, the ploughed
lands’ share may be about 90%. Thus, for areas
surrounding Site 2, intensive agricultural (arable
land) use is the prevailing land use type, which
enhances the relevance of production soils risk
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evaluation. Rationale for the selection of these
sites and regions:

1. Representativeness of two different natural
and climatic situations within the forest-steppe/
transitional zone of Ukraine: Chernihiv region is
characterised by a lower mean annual temperature
and (according to reference data) higher or com-
parable precipitation in comparison with Uman
district. This results in different soil moisture re-
gimes and different conditions for contaminants
migration.

2. A common soil basis, chernozem soils, was
preserved at both sites, but a higher bulk density
is observed at Site 2, which allows comparing the
possible effects of compaction and permeability
on contaminants migration without changing the
soil type.

3. Types of anthropogenic land use: Site 1 is
agricultural, with a significant proportion of for-
est and floodplain areas in the district; Site 2 has a
very high proportion of cultivated land and inten-
sive agricultural land use.

4. The similar sampling scheme (same seasons
and sampling dates: third ten-day periods of April
and August 2025) guarantees the comparability of
the sites in terms of seasonal changes in the re-
gion (climate, land use), without any methodolog-
ical differences.

Waste samples were collected from each land-
fill. The optimal mass of a single sample was 7 kg
of dry or mixed waste. The selected sample sizes
provide a representative sample of the total mass
of waste, taking into account the diversity of frac-
tions. The samples were selected manually, that is,
the fractions were separated based on visual and
tactile assessment, type of material, structure,
density, type of packaging and other characteris-
tics. Three 7 kg composite samples were collected
at each Site 1 and Site 2. To reduce methodological
error and the effect of point waste accumulation,
the sampling was carried out at several points,
spread over the area of the landfill body. Randomi-
sation was provided as follows:

1. Before sampling, the visible surface of the
landfill was divided into three conditional sectors;
2. One sample was taken from each sector;

3. Samples were not taken from obvious-
ly anomalous places (for example, recent local
dumping of a single fraction, separate accumula-
tions of construction waste, large objects).

Leliushok & Naumovska

To maintain representativeness at the stage
of sample preparation for sorting and laboratory
analysis, the quartering method was used:

1. The 7 kg composite sample was placed on a
clean sheet or tray and mixed as much as possible
for the most uniform distribution of fractions;

2. A conical pile of waste was formed, levelled
to a uniform thickness and divided into four equal
sectors;

3. Two opposite quarters were removed, and
the remaining two were combined.

The sample was sorted into standard frac-
tions by hand; each fraction was weighed, and
its proportion (%) of the total sample mass was
determined. No waste transportation was car-
ried out, since the morphological composition
was determined directly in the field on the day of
sampling. In this research, the characterisation of
solid waste flows in the study areas was carried
out by analysing the morphological composition
of the samples taken, identifying the main com-
ponents that make up the material composition
of the waste. The fractions were determined as
follows: paper and cardboard, iron, rubber waste,
organic, plastic waste, textiles, glass, wood, and
polyethene. This morphological classification
system allows the analysis of both the material
parts of interest (paper, plastics, glass, metals)
and the parts that influence the intensity of bi-
ological processes and the risk to the environ-
ment (organic matter, rubber, textiles, wood). The
obtained data on the composition of the wastes
were used as the basis for the study of the sea-
sonal dynamics and interpretation of the patterns
of formation of technogenic pressure, in particu-
lar, for the accumulation of heavy metals in the
surrounding soils. The following waste compo-
nents were distinguished: polymeric materials
(plastics), rubber, organic fraction, paper and
cardboard, wood, as well as inert fractions, in-
cluding glass. The classification is in accordance
with ASTM D5231-92 (2016). After manual sort-
ing, each fraction was weighed separately, and the
mass percentage of each fraction to the mass of
the total sample was calculated:

Miraction

% fraction = X 100%, 1)

total sample

where m,_ . is the mass of the fraction after sort-
ing, is the mass of the total sample.
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Before weighing, the samples were dried (or
their humidity was standardised) in order to pre-
vent the distortion of the results due to humidi-
ty differences, especially in the organic fraction.
The soils were sampled in technogenically trans-
formed areas adjacent to the unauthorised land-
fills at a depth of 5-20 c¢m, corresponding to the
root zone and the layer most intensively affected
by pollutants. The spatial scheme of sampling was
determined by the morphology of the landfill, re-
lief, and the presumed direction of contaminant
spread. Three directionally oriented profiles were
chosen for each site to ensure representativeness
and trace the gradient of pollution. At Site 1, sam-
ples were collected in the north, north-east, and
south-east directions. Three point-like samples
were taken in each direction at a distance of 5 m
from the body of the landfill, and then merged into
a combined sample. The same scheme was applied
at Site 2, where the sampling was performed in the
west, north, and south directions; three pointlike
samples were taken in each direction at a distance
of 5 m. A control (background) point was chosen at
a distance of about 200 m from the landfill bound-
ary in an area not affected by direct technogen-
ic impact. The control site is represented by the
absence of economic activity signs, which makes
it possible to use these samples for comparative
analysis. The statistical processing of the data was
performed in Microsoft Excel 2019 using the built-
in functions and tools of descriptive statistics.
Descriptive statistics for each variable, including
mean, minimum, maximum and standard devia-
tion, were calculated. Spearman’s rank correlation
was used to determine the correlation between
heavy metal concentration and morphological
composition of the waste. Differences and corre-
lation coefficients were considered statistically
significant at p<0.05.

RESULTS AND DISCUSSION
Site 1 is a technogenically transformed territory
with a long history of intensive anthropogenic im-
pact. The site was formed due to an uncontrolled
deposition of MSW of diverse morphological
composition. The morphological structure of the
landfill surface is represented by anthropogenic
relief of mounds and local depressions filled with
leachate. The natural water regime is broken, and
the infiltration of atmospheric precipitation is

disturbed, causing the formation of anaerobic con-
ditions in the soil profile. Main waste fractions are
represented by polymers, polyethene, organic res-
idues, glass, paper, wood, rubber and metal, which
indicates the complex nature of the pollution. Soil
cover within the landfill and in the adjacent area is
subject to complex degradation caused by the mi-
gration of leachate and the accumulation of heavy
metals (Cd*, Pb%*, Zn*, Cu*, Ni?"), organic acids,
ammonium nitrogen, phenolic compounds and
polymeric substances. According to U. Wydro et
al. (2022), the leachate of landfills significant-
ly changes the physical, chemical, biological and
biochemical properties of soils, which manifests
itself in the transformation of the microbial struc-
ture and changes in the enzymatic activity of soils.
Similar processes were studied by M. Malovanyy et
al. (2023) and H. Kachmar et al. (2023), who high-
lighted the importance of leachate as a factor for
the spread of pollutants and soil degradation of
adjacent shelterbelts.

The vegetation cover on the landfill is charac-
terised by fragmentation and mosaic distribution.
Within the landfill body, vegetation is virtually ab-
sent, whereas on its periphery, zones of secondary
vegetation develop. These are mainly represented
by grass species of the Poaceae family, as well as
ruderal and invasive species from the Asterace-
ae, Amaranthaceae, and Chenopodiaceae families.
Dominant species are represented by scentless
mayweed (Tripleurospermum inodorum), common
ragweed (Ambrosia artemisiifolia), dock (Rumex
spp.), stinging nettle (Urtica dioica), creeping this-
tle (Cirsium arvense), couch grass (Elytrigia repens),
and common reed (Phragmites australis). The list-
ed species indicate the initial stages of secondary
succession and the high ecological plasticity of the
flora under conditions of toxic and physical stress.
Grasses and some ruderal species have a dual eco-
logical function; on the one hand, they ensure par-
tial stabilisation of the soil surface, reducing the
risk of erosion, and on the other, they are actively
involved in the bioaccumulation of heavy metals
in the root system and aboveground mass. This is
in line with the research of L. Stofejova et al. (2021)
and M.T. Samadi et al. (2024), who showed the high
potential of couch grass and common reed for met-
al phytostabilisation. Data of A. Cakaj et al. (2023)
about the role of representatives of the families Po-
aceae and Asteraceae as bioindicators of degraded
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soils are also confirmed. A particular environmental
threat is posed by the presence, in the immediate
vicinity of the landfill, of agrocenoses, in particu-
lar soybean (Glycine max) and wheat (Triticum L.)
crops. As shown in the studies of X. Liu et al. (2024)
and S. Razanov et al. (2022), these crops are capa-
ble of accumulating heavy metals in their biomass,
thereby creating a risk of their entry into the food
chain. The dichotomy between natural ruderal veg-
etation of the landfill and agrogenic soils calls for
a comprehensive approach to environmental status
assessment. Therefore, Site 1 is a point of multi-
factor anthropogenic pollution affecting soil, bio-
ta, surface and ground water, and atmospheric air
simultaneously. The anthropogenic relief forma-
tion, soil cover degradation, microbiological activ-
ity inhibition and a peculiar ruderal flora develop-
ment give evidence for drastic changes in natural
processes. The data obtained prove the relevance
of this site as a reference zone of maximal an-
thropogenic impact for further soil-ecological and
microbiological investigations.

Site 2 is a technogenically transformed ter-
ritory demonstrating persistent manifestations
of intensive anthropogenic impact, which devel-
oped as a consequence of long-term uncontrolled
storage of household, construction, polymeric,
organic, as well as hazardous and medical waste.
The morphological heterogeneity of waste and the
absence of any engineering infrastructure have
led to the formation of a multi-component focus
of chronic environmental risk. The landfill surface
has a disturbed structure and anthropogenic mi-
crorelief with mounds, compacted areas, charred
soil and ash layers. Periodic waste burning is one
of the major factors that induce changes in the
soil cover. The thermal impact causes the destruc-
tion of the structural-aggregate state of the soil,
humus horizon degradation and organic matter
destruction. According to G. Pathak et al. (2024),
combustion of mixed municipal and polymeric
waste results in ash, aerosol and leachate forma-
tion with an increased content of heavy metals,
polycyclic aromatic hydrocarbons, dioxins and
furans, which predominantly accumulate in the
surface soil horizon. The soil environment of
the landfill is characterised by high variability of
chemical composition caused by mechanical con-
tamination, pyrogenic loading and infiltration of
waste decomposition products.

Leliushok & Naumovska

The accumulation of heavy metal cations
(Pb%*, Cd?*, Cu¥, Zn*) and organic toxicants has
been registered, which may cause secondary pol-
lution of the soil-water system. As was underlined
by J. Szulc et al. (2024), uncontrolled landfills are
persistent sources of metals, dust and potentially
toxic compounds capable of long-term soil re-
tention. The microbiological status of the landfill
soil is characterised by signs of imbalance: inhi-
bition of mesophilic and cellulolytic microflora,
decrease in enzymatic activity and increase in
the share of micromycetes and bacteria tolerant
to toxic and thermal stress. The changes in the
balance of the main trophic groups of microor-
ganisms indicate loss of the soil system’s capaci-
ty for self-regulation, which agrees with the data
by M. Zhan et al. (2025) on a-diversity decrease
of microbiota under conditions of metal and or-
ganic stress. The vegetation cover of the landfill
is undergoing a profound transformation. In are-
as of direct waste accumulation, an almost com-
plete degradation of the soil-vegetation complex
is observed. The peripheral part is presented with
fragmented ruderal and synanthropic coenoses
dominated by species of the Asteraceae and Am-
aranthaceae families and invasive species. The
prevalence of common ragweed (Ambrosia arte-
misiifolia), stinging nettle (Urtica dioica), burdock
(Arctium spp.), and mallow (Malva spp.) indicates
the involvement of degraded and technogenical-
ly affected ecotopes. Woody and shrub vegetation
has signs of chronic stress (partial necrosis of
crowns, decrease of assimilating surface, necrotic
damage of leaves). Ecological danger is presented
by the presence of animal biological and medi-
cal waste, which, in the course of decomposition,
contributes to the formation of toxic gaseous
products (ammonia, hydrogen sulphide, phenolic
compounds) and the development of pathogen-
ic microflora. The combination of organic, poly-
meric and hazardous waste creates a long-term
toxicological and ecological tension, which com-
plicates the natural process of rehabilitation.
Thus, Site 2 functions as a pyrogenic-technogen-
ic pollution focus, where mechanical soil deg-
radation, chemical pollution, thermal influence
and microbiological destabilisation are com-
bined. Their interactions lead to a deep trans-
formation of the soil-plant system, a decrease in
the ecological stability of the territory and the
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appearance of potential threats to the adjacent
agroecosystems and natural ecosystems.

The analysis of morphological (fractional)
composition of MSW is the basis for understand-
ing both the potential environmental impact and
the prospects for further disposal, recycling or
neutralisation. The morphological composition
characterises which of the fractions is dominated
(organic, polymeric, papercardboard, glass, metal,
textile, construction, hazardous and others) and
what is the mass proportion of each of them in the
total mass of waste. This is important when study-
ing the pollution of soils, since different fractions
have different release rates of potentially toxic
compounds (heavy metals, organic compounds),
different decomposition abilities, filtration and
formation of leachate. For the representativeness
and standardisation of the results, it is necessary
to plan the sampling, sorting, fraction separa-
tion and calculation of mass. Particular attention
should be paid to the mass of the sample, the
number of repetitions, representativeness, weigh-
ing and documentation. The morphological com-
position of the waste is the initial characteristic,
which determines the potential for the formation
of leachate and the conditions for the migration
of pollutants. Thus, polymeric and rubber compo-
nents can serve for a long time inside the landfill
body as a medium for the accumulation of impu-
rities, and the organic component contributes to

12%
18%

5%

13%

4%

23%

2%
/ 8%

the activation of microbiological processes and
the change in physicochemical parameters (pH
conditions, solubility of compounds). Glass, along
with paper and cardboard and wood, demonstrates
the potential of waste as a resource and the differ-
ent rates of processing of the various components
over time. Overall, this allows for a more justified
association between the composition of waste and
the spatio-temporal features of soil pollution and
clarifies the causes of high concentrations of heavy
metals in territories affected by these facilities.

In the framework of the study, the morpho-
logical composition of waste in Site 1 was investi-
gated for the spring season of 2025 in order to es-
tablish the structure of the main components and
their proportion in the total waste flow. This made
it possible to determine which components pre-
dominate in the waste and what proportion of the
materials can be recycled as secondary raw materi-
als or need separate processing. The data obtained
are necessary for the environmental evaluation of
the level of anthropogenic load, for the prediction
of possible environmental risks, and for the justifi-
cation of priority measures of waste management.
The results of the morphological analysis serve as
a basis for comparison of seasonal dynamics and
for the development of recommendations for the
optimisation of sorting complexes and reduction
of the volume of burial. Figure 1 shows the mor-
phological composition of the waste at Site 1.

= Paper and cardboard
= [ron
Rubber waste
= Organic waste
= Plastic waste
= Textiles
Glass
Wood
Polyethylene

15%

Figure 1. Average morphological composition of collected waste samples at Site 1, %, spring 2025

Source: developed by the authors

The composition of waste presented in Fi-
gure 1 is characterised by the dominance of poly-
meric and packaging fractions. The greatest part is
represented by plastic waste (23%), which deter-
mines the general structural pattern of the waste. A
significant part is also played by polyethene (18%),

while the proportion of organic waste is 15%. A sig-
nificant role is played by glass (13%) and paper and
cardboard (12%), which, together with the afore-
mentioned fractions, make up a significant part
of the total waste. The sum of the polymeric com-
ponents (plastic waste 23% + polyethylene 18%)
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is 41% and accounts for almost half of the entire
morphological composition. This indicates a prev-
alence of materials typical of packaging and having
a long persistence in the environment. The sig-
nificant proportion of paper and cardboard (12%),
along with the polymeric fractions, also indicates
the significant role of packaging materials in the
structure of the waste. At the same time, the pres-
ence of an organic fraction (15%) indicates a sig-
nificant contribution of biogenic components to
the structure of the waste in this period. The least
significant are the fractions that make up the sec-
ondary component of the morphological composi-
tion. These include rubber waste (8%), wood (5%),

14%

16%
4%
10%
5% '
25%

1%

Leliushok & Naumovska

textiles (4%), and iron (2%). Overall, these compo-
nents account for 19% of the structure and, there-
fore, contribute less than the first component. How-
ever, these are necessary to evaluate the diversity
of the material composition and the potential com-
plexity of the waste management. The lowest per-
centage of iron (2%) denotes the lowest presence of
the metallic fraction in the waste in the spring of
2025 at this site. In the summer of 2025, the mor-
phological composition of the waste in Site 1 was
also determined, allowing the characterisation of
the real distribution of fractions in the collected
samples for this period. Figure 2 shows the mor-
phological composition of the waste at Site 1.

= Paper and cardboard
= [ron
Rubber waste
= Organic waste
= Plastic waste
= Textiles
Glass
Wood

9%

16%

Figure 2. Average morphological composition of collected waste samples at Site 1, %, summer 2025

Source: developed by the authors

The morphological composition of the col-
lected samples of waste in Site 1 (summer 2025) is
marked by the prevalence of the polymeric fraction.
The highest percentages are of plastic waste (25%)
and polyethene (16%), which together represent
41% of the total composition. A large percentage
is also occupied by the organic waste (16%), which
constitutes a distinct and significant biodegrada-
ble fraction. The paper and cardboard (14%) also
have a high expression and are part of the main
structural fractions. Among the other components,
fractions of inert and anthropogenic materials are
found. The glass represents 10%, which indicates
a stable presence of the mineral (inert) fraction in
the samples. The rubber waste represents 9% and
constitutes a moderate percentage of materials
with slow decomposition, and that require spe-
cific management approaches. Lower percentages
are registered for the textiles (5%) and wood (4%),
which together represent 9% of the morphological
composition. The lowest fraction in the summer

Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026

structure is iron (1%), which indicates the lowest
expression of the metallic fraction. In general, the
percentages of paper and cardboard (14%), glass
(10%), iron (1%), plastic waste (25%), and polyeth-
ene (16%) together add 66% and characterise the
waste with an expressive presence of components
with the potential to be recovered as secondary
raw materials. The organic fraction (16%) is high-
lighted as a significant fraction that requires spe-
cific management within the waste management
systems. The remaining components, rubber (9%),
textiles (5%) and wood (4%) complete the general
profile and denote the heterogeneity of the mor-
phological composition in the summer season. In
the spring of 2025, the morphological composition
of the waste in Site 1 was marked by a high per-
centage of polymers, since plastic waste and pol-
yethene represented 23% and 18%, respectively
(totalising 41%). In the summer of 2025, the total
percentage of the polymeric fraction remained the
same (41%); however, an internal redistribution
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was registered, with the percentage of the plastic
fraction increasing to 25% (+2%) and the polyeth-
ene fraction decreasing to 16% (-2%). The percent-
age of the organic fraction increased slightly from
15% to 16% (+1%), and paper and cardboard from
12% to 14% (+2%). On the contrary, glass showed
a drop from 13% to 10% (-3%), being the most
significant decrease among inert fractions. Con-
cerning the secondary fractions, a small variation
was observed during the summer: rubber waste
increased from 8% to 9% (+1%), textiles from 4%
to 5% (+1%), while wood decreased from 5% to 4%
(-1%). The metallic fraction was reduced in both
periods and decreased again, from 2% to 1% (-1%).
The share of principal materials with potential for
recovery (paper and cardboard, glass, iron, plastic,
and polyethene) was reduced from 68% in spring
to 66% in summer, showing a slight decrease due
to the drop in glass and metallic fractions. Howev-
er, the general trend is the same: a constant dom-
inance of polymers in the waste composition at
Site 1 in both seasons.

In the context of preparing this article, a
study of the morphological composition of waste
at Site 2 was carried out for the spring season of
2025, allowing for the quantification of the struc-
ture of the main fractions that make up the waste
flow. The determination of the proportions of the
polymeric, organic, rubber, and inert fractions is

13%

vV

16%
5%

9%

25%

13%

necessary to understand the real composition of
the waste and the environmental impact that its
stockpiling can generate. The data collected served
as a basis for evaluating materials with recovery
potential through sorting, as well as identifying
fractions that require specific management strat-
egies. The results of the spring analysis of Site 2
were also used as raw material for subsequent sea-
sonal comparisons and for supporting actions fo-
cused on mitigating the environmental impact of
waste. A.E. Peter et al. (2019) analysed the compo-
sition of both fresh and aged waste in an open-air
dump: the fresh MSW contained ~36% of biowaste
(food, garden, and organic waste), and around 30%
of recyclable materials (plastics, paper, cardboard,
and metals). The aged waste showed a prevalence
of plastics (25-33%) with high energy value, while
the organic matter was practically decomposed.
This is related to the state of the dump after sev-
eral years of operation, where the plastics and pol-
yethene (43% together) are predominant, and the
organic fraction reaches only 12%. In this case, the
organic fraction is much lower, which, according
to F.A. Osra et al. (2021), may be related to the age
of the dump, the decomposition of organic matter,
or the specific composition of the waste, which is
mainly packaging, plastics, and inorganic materi-
al. Figure 3 shows the morphological composition
of the waste at Site 2 (spring 2025).

= Paper and cardboard
= [ron
Rubber waste
= Organic waste
= Plastic waste
= Textiles
Glass
Wood
Polyethylene

1%

14%

Figure 3. Average morphological composition of collected waste samples at Site 2, %, spring 2025

Source: developed by the authors

The morphological composition of the col-
lected samples of waste, presented in Figure 3, is
characterised by the predominance of the polymer
fraction. The greatest proportion is represented by
plastic waste (25%) and polyethene (16%), which
together account for 41% of the morphological
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composition. A significant share is occupied by
rubber waste (14%), which indicates the rather
high content of elastomeric materials in the waste.
The organic share is 13%, which corresponds to
the share of biodegradable components. Among
the fractions of materials traditionally considered
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recyclable, paper and cardboard occupy 13%, and
glass 9%, which indicates a rather high content of
packaging and inert components in the composi-
tion of the waste. The share of wood is 5%, and
that of textiles is 4%, which together make up 9%
of the morphological composition. The smallest
share is occupied by iron (1%), which indicates the
rather low content of the metal fraction. In gen-
eral, the morphological composition of the waste
at Site 2 in the spring of 2025 is shifted towards
polymeric materials, which make the greatest con-
tribution to its structure. Simultaneously, rubber
and organic shares (14% and 13%, respectively) re-
main significant, which affects the environmental
hazard and need for management. The paper and
cardboard shares and the glass share (13% and 9%,

16%
5%

9%

4%

25%

Leliushok & Naumovska

respectively) indicate the presence of the fractions
which can potentially be recovered. On the whole,
the morphological composition is rather complex
but with a clear dominance of the polymer group
in the spring season. In the summer of 2025, a
study of the morphological composition of the
waste at Site 2 was also carried out with the aim of
establishing the real structure of the fractions in
the collected samples under the conditions corre-
sponding to the seasonal maximum of waste for-
mation. The data of the summer period at Site 2
are the basis for the seasonal analysis of the mor-
phological structure dynamics and development
of practical recommendations for optimising the
sorting of waste and reducing the anthropogenic
impact on the environment (Fig. 4).

13%

= Paper and cardboard
Iron

1%

= Rubber waste
Organic waste
= Plastic waste
= Textiles
Glass
= Wood
Polyethylene

14%

13%

Figure 4. Average morphological composition of collected waste samples at Site 2, %, summer 2025

Source: developed by the authors

The morphological composition of the col-
lected samples of waste at Site 2, presented in
Figure 4, is characterised by the dominance of the
polymer fraction. The greatest proportion is rep-
resented by plastic waste (25%) and polyethene
(16%), which together account for 41% of the mor-
phological composition. A significant component
is occupied by rubber waste (14%), which indicates
a rather high content of elastomeric materials in
the waste in the summer season. The share of the
organic component is 13%, which corresponds to
the share of the biodegradable components. In
the list of fractions that could potentially be re-
covered as secondary raw materials are paper and
cardboard (13%) and glass (9%), which indicate
the presence of packaging materials and an inert
component, typical for mixed waste. The rest of
the morphological composition consists of wood

Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026

(5%) and textiles (4%), which together constitute
9%. The metallic fraction is represented in insig-
nificant quantities (iron is 1%). Briefly, the mor-
phological structure of Site 2 for summer indicates
the prevalence of polymers and a significant pro-
portion of rubber and organic components (14%
and 13%, respectively). Such a structure is char-
acterised by the high content of slowly degrada-
ble materials in nature (polymers and rubber) and
a rather significant proportion of biodegradable
waste. Paper and cardboard (13%) and glass (9%)
form a significant part of the waste, which can be
recovered in case of appropriate sorting. In gener-
al, the structure is heterogeneous, but with a clear
lumping of the main mass in the polymer and re-
lated technogenic fractions.

Morphological composition of the studied
areas reflects the real structure of the materials
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entering the landfill body and allows for the iden-
tification of the possible sources of pollutants
formation in the surrounding environment. The
prevalence of polymeric and packaging compo-
nents, the presence of the organic fraction, as
well as the proportion of rubber, textile, wood,
and inert materials, determine the intensity of
biochemical decomposition processes, formation
of leachates, and migration behaviour of sub-
stances in the waste-soil system. The morpho-
logical structure has a significant impact on the
rate of transformation of waste, on acid-base and
redox conditions, and on the ability of the me-
dium to accumulate or mobilise toxic substanc-
es. In this regard, the morphological structure is
considered a key characteristic that determines
the subsequent processes of soil contamination.
0. Kravchenko et al. (2018) characterise the mor-
phological composition of MSW at landfills and
dumpsites in Ukraine (the cities of Khmelnytskyi
and Kryvyi Rih). The authors demonstrated that
the composition of mixed, unsorted waste large-
ly determines the microbiocenosis within the
landfill body, and that a high proportion of “bio-
available” organic matter leads to the dominance
of bacteria of the genera Bacillus, Micrococcus,
Sarcina, and others. However, in samples where
polymers and plastics predominate, the activi-
ty of such biocenoses decreases. It explains the
observed situation: the predominance of plas-
tic and polyethene indicates that the biological
activity of the landfill may be low or changed.
O.M. Trofymchuk et al. (2020) showed that long-
term landfills of MSW lead to an accumulation

of heavy metals in the soil, with the concentra-
tion of copper, lead, nickel, and tin in some cases
exceeding the background values by 2-10 times.
However, if such a landfill predominantly consists
of polymeric, rubber, textile, plastic, and inert
wastes, they can serve as potential future sources
of pollution, e.g. as a result of the formation of
leachates, biogeochemical transformations, and
heavy metal migration. According to the present-
ed data (metals 2%, rubber 7%, textiles 5%), there
are fractions in the landfill that may contribute to
the contamination of soil and groundwater.

The second stage of the research was to as-
sess the accumulation of heavy metals, which are
among the most dangerous and durable pollutants
that can persist in soils for a long time and pene-
trate into trophic chains. The various components
of waste may serve as direct metal-carriers (espe-
cially some components of anthropogenic origin),
as well as indirect factors contributing to their
enhanced migration due to changes in the physi-
co-chemical parameters of the medium. Therefore,
the determination of the content of heavy metals
in soils in the areas affected by the studied ob-
jects allows quantifying the level of anthropogenic
impact and comparing it with the morphological
characteristics of the waste in different seasons.
This comparison is necessary for understanding
the pollution formation mechanisms and for sub-
sequent environmental conclusions and recom-
mendations. Table 1 shows the results of soil anal-
ysis at Site 1 in the spring-summer period of 2025.
The table shows the parameters obtained from the
collected samples for the corresponding season.

Table 1. Content of mobile forms of heavy metals in soils (mg/kg), Site 1, spring-summer 2025

Sample MPC, North North-East South-East
code mg/kg 11 | 12 [ 13 21 | 22 | 23 3 [ 32 | 33
Spring 2025
Cu, mg/kg 3.00 0.461 0.681 0.575 0.566 0.715 0.43 0.63 0.387 0.361
Zn, mg/kg 23.00 8.075 5.412 6.875 4.645 1.785 1.86 6.924 8.565 1.91
Cd, mg/kg 0.70 0.898 0.768 0.575 0.505 0.609 0.65 0.49 0.407 0.397
Pb, mg/kg 6.00 1.195 1.53 1.576 | 1.451 2.19 2755 | 1.067 | 2115 | 2.145
Summer 2025

Cu, mg/kg 3.00 0.354 0.67 0.77 0.611 0.632 0.548 0.63 0.49 0.453
Zn, mg/kg 23.00 8.67 9.625 3.955 5.985 8.405 9.47 2.12 2.125 1.59
Cd, mg/kg 0.70 0.282 0.338 0.433 0.347 0.437 0.492 0.45 0.518 0.35
Pb, mg/kg 6.00 1.91 1.278 2.03 1.89 1.375 0.644 0.95 1.775 1.844

Note: MPC — maximum permissible concentration
Source: developed by the authors
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In the spring of 2025, the maximum concen-
tration of Cu** was observed in sample 2.2 (North-
Eastern direction) and was equal to 0.715 mg/kg
(for comparison, the remaining values of Cu? in
the spring season were lower and ranged from
0.361 to 0.681 mg/kg). In the summer of 2025,
the maximum concentration of Cu?* was recorded
in sample 1.3 (North direction) and was equal to
0.770 mg/kg (summer Cu values ranged from 0.354
to 0.770 mg/kg). When comparing the maxima of
the seasons, it can be seen that the summer maxi-
mum (0.770 mg/kg) exceeded the spring maximum
(0.715 mg/kg) by 0.055 mg/kg. At the same time,
in the location of the spring maximum (2.2), the
summer concentration decreased to 0.632 mg/kg
(a change of -0.083 mg/kg). In the location of
the summer maximum (1.3), there was an in-
crease in the content of Cu* from 0.575 mg/kg
in spring to 0.770 mg/kg in summer (a change of
+0.195 mg/kg), which indicates a seasonal redis-
tribution of this element within the object. The
maximum concentration of Zn* in the spring of
2025 was found in sample 3.2 (South-East direc-
tion) and was equal to 8.565 mg/kg (the remain-
ing spring values of Zn*" were in the range from
1.785 to 8.075 mg/kg). In the summer of 2025, the
maximum value of Zn** was observed in sample
1.2 (North direction) with 9.625 mg/kg (range of
summer values: 1.590-9.625 mg/kg). A seasonal
comparison of peak values shows that the sum-
mer maximum exceeded the spring maximum by
1.060 mg/kg; however, at the location of the spring
maximum (3.2), Zn*" decreased sharply in sum-
mer to 2.125 mg/kg (a change of -6.440 mg/kg).
At the location of the summer maximum (1.2),
by contrast, Zn*" increased from 5.412 mg/kg in
spring to 9.625 mg/kg in summer (a change of
+4.213 mg/kg), indicating a summer concentration
of peak values in the Northern direction alongside
a peak in the southeast.

The maximum value of Cd* in the spring of
2025 was observed in sample 1.1 (Northern di-
rection) with 0.898 mg/kg (range of other values
of Cd** in the spring: 0.397-0.768 mg/kg). In the
summer of 2025, the maximum value of Cd* was
observed in sample 3.2 (South-Eastern direc-
tion) with 0.518 mg/kg (range of summer values:
0.282-0.518 mg/kg). A comparison of seasonal
maxima indicates that the spring peak of Cd*" was
higher than the summer peak by 0.380 mg/kg. At

Leliushok & Naumovska

the spring maximum location (1.1), the summer
concentration decreased to 0.282 mg/kg (a change
of -0.616 mg/kg). At the location of the summer
maximum (3.2), Cd*, in contrast, increased from
0.407 mg/kg in spring to 0.518 mg/kg in summer
(a change of +0.111 mg/kg), indicating a seasonal
shift in the zone of elevated concentrations from
the north towards the south-east. For Pb%*, the
maximum value observed in the spring of 2025
was in sample 2.3 (North-Eastern direction) with
2.755 mg/kg (range of other values of Pb? in the
spring: 1.067-2.190 mg/kg). In the summer of
2025, the maximum value of Pb* was observed in
sample 1.3 (Northern direction) with 2.030 mg/kg
(range of summer values: 0.644-2.030 mg/kg).
A seasonal comparison of maxima shows that
the spring peak exceeded the summer peak by
0.725 mg/kg. At the location of the spring maximum
(2.3), Pb?* decreased in summer to 0.644 mg/kg
(a change of -2.111 mg/kg). At the location of
the summer maximum (1.3), Pb* increased from
1.576 mg/kg in spring to 2.030 mg/kg in summer
(a change of +0.454 mg/kg), reflecting a redistri-
bution of the most pronounced Pb? values across
seasons and study sectors.

A significant conclusion is presented in the
study by B. Bernardo et al. (2025), who examined
soils around a landfill during two seasons of the
year. They concluded that in the wet period, wash-
ing out predominates, which, on the one hand, de-
creases some indicators of element accumulation
in the soils, and, on the other hand, increases the
potential mobility of the contaminants, while in
the dry period, there is a greater tendency to accu-
mulation and retention. In relation to the object of
this study, this means that interseasonal dynamics
of moisture content and direction of surface and
intra-soil runoffs can change not only the average
background contents of Pb*, but also the redistri-
bution between the sectors. This is also indicated
by the pattern described above: the spring maxi-
mum is noted in sample 2.3, and the summer max-
imum in sample 1.3.

Concentrations of Cu?**, Zn*, Cd* and Pb*,
which were obtained for the spring-summer peri-
od of 2025, can affect the morphological features
of the soil cover indirectly, through the changes
in soil microbial activity, the intensity of humus
formation and the condition of the plant root
system. Even without significant exceedances,
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spatial “peaks” of these elements can cause local
differences in the structure (aggregation state) of
the soil, its bulk density and in the stability of the
surface horizon against degradation. In the areas
with relatively higher concentrations of metals, a
decrease in the biological activity is more likely,
which can be reflected in such morphological fea-
tures as poorer aggregation, a lower proportion
of water-stable aggregates and higher suscepti-
bility to surface sealing. Such an effect, as a rule,
has a mosaic nature, corresponding to different
degrees of element accumulation in the sectors
and points of sampling presented in Table 1.
As for the content of MPC, the contents of Cu?
(MPC 3.00 g/kg), Zn** (MPC 23.00 g/kg) and Pb*
(MPC 6.00 g/kg) in all the points of sampling in
the spring and summer periods are below the
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m Cd, mg/kg

1.1 Sample code

permissible limits. At the same time, for Cd?* (MPC
0.70 g/kg), the value of 0.898 mg/kg was observed
in sample 1.1 in the spring period, which exceeds
the indicated standard; the rest of the summer
values of Cd?* (0.282-0.518 mg/kg) are below the
MPC. Thus, most of the indicators do not exceed
the permissible concentrations, although there is
a local excess of Cd?" in the spring. From the sci-
entific point of view, such single exceedances are
of special interest for the interpretation of possi-
ble morphological changes, since they testify to
localised areas of potential environmental risk.
In Figure 5 below, it can be seen that the excess
of MPC is in samples 1.1 and 1.2 in the spring pe-
riod. The values of Cd** registered in both sam-
ples are higher than the established MPC, which
confirms the presence of excesses.

B Cd, mg/kg; 0.768

MPC (standard)

Figure 5. Exceedance of Cd, mg/kg, above the MPC at Site 1, spring 2025

Source: developed by the authors

The comparison of maxima in spring and
summer shows that for Cu?* and Zn?*, the summer
maxima are higher (0.770 mg/kg vs. 0.715 mg/kg
for Cu?* and 9.625 mg/kg vs. 8.565 mg/kg for Zn*,
respectively), whereas the maxima of Pb?" and Cd?**
in spring are higher than in summer (2.755 mg/kg
vs. 2.030 mg/kg for Pb* and 0.898 mg/kg vs.
0.518 mg/kg for Cd*, respectively). This could be
due to the seasonal condition of the soil, depend-
ing on the moisture content and biological activ-
ity. In the summer period, the transformation of
organic matter and root activity is more intensive,
which results in a change of fixation and mobility
of elements within the upper soil horizon. Local
summer maxima of Cu?/Zn?* could be linked to the
changes in the conditions of enzymatic activity in

the soil, which in turn may affect the structure and
aggregate stability of the topsoil. A higher con-
trast in spring for Pb?* and especially for Cd** (with
alocal excess in sample 1.1) indicates the necessi-
ty of more detailed consideration of these points
concerning morphological (compaction, structure,
and aeration) manifestations, even when other
metals are within the permissible limits. M. Tzi-
ouvalekas et al. (2024) found experimentally that
the temperature of DTPA extraction influences the
mobility and extractability of the elements; with
an increase in temperature, the DTPA-extract-
ed element concentration increases (especially
for Cu?* and Zn%, as well as for Pb*"). The authors
concluded that temperature may cause system-
atic biases between batches of determinations
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and should be taken into consideration when the
“bioavailable/mobile” pool is interpreted. With-
in the framework of the present data, this means
that the summer maxima of Cu?* (0.770 mg/kg
vs. 0.715 mg/kg in spring) and Zn*" (9.625 mg/kg
vs. 8.565 mg/kg) could be influenced not only by
the input sources but also by an increase in the
share of extractable (labile) forms in the topsoil
under conditions of higher temperatures and more
intensive transformation of organic matter.

M.S. El-Komy et al. (2025) in the study of DT-
PA-extractable metals found that season (wet and
dry periods) and drying and wetting cycles have
a significant impact on metal bioavailability and
extractability, and stressed that for Cu*, Pb*, and
Zn*, ion exchange is one of the key mechanisms
controlling metal availability, along with spatial
variation of soil characteristics. In the case of the
present study, this means that the summer drying
and rewetting regime, along with more intensive
biological transformation of organic matter and
root activity, could cause the shift of Cu?/Zn*
into more labile extractable forms, which mani-
fests itself as higher summer maxima. The results
obtained show the multicomponent composition
of the data. Firstly, they serve as a reference point
for further monitoring, based on which a compar-
ison of the indicators in subsequent seasons and
years can be carried out. Secondly, the distribution
of heavy metals over space, which allows trac-
ing areas with high concentrations and assigning
specific monitoring points (in particular, for Cd*
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in sample 1.1 in spring). Thirdly, the results char-
acterise the environmental risk to soil organisms,
vegetation, and the potential entry of pollutants
into the trophic chain. Fourthly, the amount of
data obtained makes it possible to assess the state
of the object at the level of the facility itself and
the surrounding territories, which can be used as a
basis for developing management and nature pro-
tection measures. Thus, the distribution of metals
has a mosaic character, maxima for each element
are located at different points and sectors, which
indicates heterogeneity of the conditions of ac-
cumulation. According to the MPCs indicated, the
concentrations of Cu?, Zn*, and Pb* during the
spring and summer period do not exceed the max-
imum permissible concentrations at any sampling
point, while for Cd***, a local excess was registered
in the spring in sample 1.1 (0.898 mg/kg vs. MPC
0.70 mg/kg). A seasonal shift of maximum values
is observed: Cu?* and Zn*" have higher maxima in
the summer, while Pb?* and Cd** have higher maxi-
ma in the spring, which may be due to the season-
ality of the conditions of migration and fixation of
elements in the upper soil horizon. In connection
with the potential impact on the morphological
properties of the soil, special attention should be
paid to points with high or maximum values, es-
pecially for Cd** in sample 1.1 in spring, as a sign
of a local strengthening of the anthropogenic fac-
tor or soil geochemical features. Table 2 shows the
concentrations of mobile forms of heavy metals in
soils of Site 2 during the spring and summer period.

Table 2. Content of mobile forms of heavy metals in soils (mg/kg), Site 2, spring-summer 2025

SampILn/g West North South
erio
's)a"‘P'e T 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3

code

Spring 2025
Cu, mg/kg 3.00 0.53 0.497 | 0.463 0.29 0.587 | 0.609 0.63 0.387 | 0.361
Zn, mg/kg 23.00 1.185 0.87 1.09 0.825 1.49 0.81 6.924 | 8.565 1.91
Cd, mg/kg 0.70 0.219 | 0412 | 0429 | 0.182 | 0.445 | 0.381 0.49 0.407 | 0.397
Pb, mg/kg 6.00 2.409 2.1 2.245 1.35 0.82 1635 | 1.067 | 2115 | 2.145
Summer 2025

Cu, mg/kg 3.00 0.557 1.25 1.568 | 0.756 | 0.518 | 0.637 36.8 0.366 | 0.478
Zn, mg/kg 23.00 1.29 3.45 4.47 6.651 | 1.005 | 3.828 | 10.39 | 1.556 | 0.837
Cd, mg/kg 0.70 0.518 | 0.651 | 0.698 | 0.756 | 0.495 | 0.6255 | 0.28 0.352 0.38
Pb, mg/kg 6.00 1.595 | 2.854 | 2.652 1.79 137 1.58 1.415 | 1.485 | 1.728

Note: MPC — maximum permissible concentration
Source: developed by the authors
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In the spring of 2025, the maximum content of
Cu?" (mobile forms) was observed in the Southern
direction in sample 3.1, which was 0.63 mg/kg (at
other sampling points, the values of Cu?* were in
the range of 0.29-0.609 mg/kg). In the summer of
2025, the maximum value of Cu* was also noted
in sample 3.1, where it was 36.8 mg/kg, while the
rest of the summer values of Cu?* were in the range
of 0.366-1.568 mg/kg. Thus, at the point with the
highest values (3.1), the concentration of Cu?* in-
creased from 0.63 mg/kg in the spring to 36.8 mg/kg
in the summer (a change of +36.17 mg/kg), which
indicates a sharp seasonality at this point. Of the
rest, the Western direction shows higher summer
concentrations than in the spring, in samples 1.3
(1.568 mg/kg) and 1.2 (1.25 mg/kg), but much low-
er than the maximum concentration registered
in sample 3.1. In the case of Zn?%, the maximum
spring 2025 concentration is registered in the
Southern direction in sample 3.2 with a value of
8.565 mg/kg. The rest of the samples show spring
concentrations between 0.81 and 6.924 mg/kg. For
summer 2025, the maximum concentration of Zn*
is registered in sample 3.1 (Southern direction)
with a value of 10.39 mg/kg; the rest of the sum-
mer concentrations of Zn?*are between 0.837 and
6.651 mg/kg. The maximum summer concentra-
tion (10.39 mg/kg) is 1.825 mg/kg higher than the
maximum spring concentration (8.565 mg/kg). At
the point corresponding to the spring maximum,
in sample 3.2, a decrease was observed in sum-
mer from 8.565 mg/kg to 1.556 mg/kg (a change of
-7.009 mg/kg). At the same time, at the point of the
summer maximum, in sample 3.1, Zn?* increased
from 6.924 mg/kg in spring to 10.39 mg/kg in sum-
mer (a change of +3.466 mg/kg), indicating a sea-
sonal reconfiguration of the spatial distribution of
elevated values. In spring 2025, the Cd** content
across all points at Site 2 ranged from 0.182 mg/kg
to 0.490 mg/kg: the minimum was recorded in
sample 2.1 (Northern direction) at 0.182 mg/kg,
while the maximum was recorded in sample 3.1
(Southern direction) at 0.490 mg/kg. For sum-
mer 2025, the maximum concentration of Cd?*
is registered now in sample 2.1 (Northern direc-
tion) with a value of 0.756 mg/kg. The minimum
summer concentration is registered in sample 3.1
(Southern direction) with a value of 0.280 mg/kg
(the rest of the samples, except 2.1, are between
0.3520.698 mg/kg).

Comparison of seasonal maxima shows an
increase in the peak Cd* level from 0.490 mg/kg
(spring, 3.1) to 0.756 mg/kg (summer, 2.1), i.e. by
0.266 mg/kg, indicating a pronounced seasonal
and spatial reconfiguration of the “zone of max-
imum values”. At the same time, at the point of
maximum spring concentration (3.1), the content
of Cd* decreased from 0.490 mg/kg to 0.280 mg/kg
(a change of -0.210 mg/kg), and at the point of
maximum summer concentration (2.1), it in-
creased from 0.182 mg/kg to 0.756 mg/kg (an
change of +0.574 mg/kg), which directly indi-
cates the redistribution of the main area of high
concentrations. Regarding Pb*" for spring 2025,
the maximum concentration is registered in the
Western direction in sample 1.1 with a value of
2.409 mg/kg. The rest of the spring concentra-
tions of Pb* are between 0.82 and 2.245 mg/kg.
For summer 2025, the maximum concentration
of Pb* is registered in sample 1.2 (Western di-
rection) with a value of 2.854 mg/kg. The rest of
the summer concentrations are between 1.37 and
2.854 mg/kg. The maximum summer concentra-
tion (2.854 mg/kg) is 0.445 mg/kg higher than the
maximum spring concentration (2.409 mg/kg). At
the same time, at the point of the spring maximum
(1.1), a decrease was observed from 2.409 mg/kg
to 1.595 mg/kg (a change of -0.814 mg/kg). On the
other hand, at the point of maximum summer con-
centration (1.2), the content of Pb*" increased from
2.11 mg/kg in spring to 2.854 mg/kg in summer (a
change of +0.744 mg/kg), which directly indicates
the redistribution of the accumulation intensity in
the Western direction.

The registered concentrations of mobile Cu?,
Zn*, Cd*, and Pb?" (spring-summer 2025, Site 2)
can affect the morphological condition of the soil,
first of all, due to changes in biological processes
and the stability of aggregates in the upper hori-
zons. Mobile forms of metals are most accessible
for migration and sorption complex interaction;
thus, they can change humus formation conditions,
microbial activity, and root system development. At
the morphological level, the difference will manifest
as local variation of soil structure, bulk density, sur-
face stability against sealing and compaction, and
cracking upon drying. It is worth noting that local
“peaks” at individual points can generate a mosaic
of morphological features, even if the majority of
indicators remain within the limits. In this data set,
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the most “contrasting” areas relate to the Southern
direction (3.1) and the Northern direction (2.1) in
the summer. According to the MPC standards pre-
sented in the table, no exceedances are noted for
most elements at most points; however, there is an
exception. For Cu* (MPC 3.00 mg/kg), the value is
36.8 mg/kg in sample 3.1 in the summer; thus, it
significantly exceeds the MPC (for comparison, the
maximum Cu?*" content in the spring is 0.63 mg/kg,
which does not exceed the standard). For Zn* (MPC
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23.00 mg/kg), the maximum values in the spring
(8.565 mg/kg, 3.2) and in the summer (10.39 mg/
kg, 3.1) do not exceed the permissible level. For
Pb* (MPC 6.00 mg/kg), the maximum in the spring
(2.409 mg/kg, 1.1) and the maximum in the summer
(2.854 mg/kg, 1.2) also do not exceed the MPC. Fig-
ure 6 shows the exceedance of the MPC in sample
3.1 in the summer. The values of Cu? registered in
both samples are higher than the established MPC,
which confirms the presence of excesses.

B Cu, mg/kg; Southern direction 3.1; 36,800

Southern direction 3.1

Figure 6. Exceedance of Cu*', mg/kg, above the MPC (Site 2, summer 2025)

Source: developed by the authors

The sharp increase in the content of the mo-
bile form of Cu?* in the summer in sample 3.1 (up to
36.8 mg/kg) is likely due to a combination of local
input of copper and a change in the soil chemical
conditions for the transition of copper into more
mobile, extractable forms. In the summer, at high
temperatures and varying humidity (drying and
rewetting cycles), the processes of mineralisa-
tion of organic matter and transformation of Cu?*
complexes with humic substances are activated,
which can temporarily increase the share of mobile
compounds. In addition, the local variation often
comes from point anthropogenic pollution (input
of waste, dust/sludge, metal particles, or waste-
water with copper) or redistribution of pollutants
by surface flow into microdepressions of the relief,
where fine particles are concentrated. L. Filipovi¢ et
al. (2023) showed on a field lysimeter experiment
(with a monthly frequency of sampling during two
years) performed on the soils of a vineyard slope,
that Cu** concentrations in the leachates are sta-
tistically linked to dissolved organic carbon (DOC)
concentrations, with a stronger correlation found
at the footslope position where the substances tend

to accumulate and the redistribution by the flow of
water is more pronounced. The authors pointed out
in their discussion that the organically complexed
forms control the copper mobility: according to
the modelling of speciation, the majority of Cu* in
leachate was found as Cu* — DOC (the sum of hu-
mic-complexed forms), whereas the molar fraction
of free Cu?* in the aqueous phase is very low (tenths
to hundredths of a per cent). This suggests that a
seasonal variation in the DOC pool or dissolved or-
ganic matter (DOM) might significantly affect the
mobile pool of Cu? in the soil-solution system.
In the framework of this research, this statement
straightforwardly supports the interpretation of
the summer maximum in sample 3.1: if, during
the summer period, the input or formation of dis-
solved organic matter is increased or its composi-
tion is changed (e.g. due to the mineralisation of
organic matter and drying-rewetting cycles), then
part of copper can be mobilised into more mobile,
extractable forms due to complexation with DOM/
DOC. At the same time, for Zn?** and Pb*, which do
not exceed the MPC values at any points, the mor-
phological effect is generally less pronounced and
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manifests itself mainly in the form of background
seasonal fluctuations without a marked disturbance
to the soil profile. In general, it is a combination of
“local peaks” with seasonal dynamics that creates
conditions for a heterogeneous morphological pat-
tern of the site.

The obtained results allow characterisation of
the environmental status of the territory and the
spatial distribution of the potential risk. They can
be used as a basis for the environmental impact
assessment, monitoring of the working environ-
ment, and development of scientific models of
the migration and accumulation of mobile met-
al forms in the soil during different seasons. The
indicators reflect the possible scheme of the spa-
tial distribution of the contamination and allow
identifying objects that require a more detailed
morphological description of the soil profile, first
of all, at the “contrasting” points. The data indi-
cate a spatial heterogeneity in the distribution of
mobile forms of metals. The maximum values of
different elements are concentrated in different
sectors and points: Cu?* is in sample 3.1 in sum-
mer, Zn?" is in sample 3.1 in summer and in sam-
ple 3.2 in spring, Cu* is in sample 2.1 in summer,
Pb?* is in sample 1.2 in summer and in sample 1.1
in spring. Zn?*" and Pb* concentrations during the
spring-summer period at all points of both sites do
not exceed the MPC values. However, Cu?* in sam-
ple 3.1 in the summer season exceeds the norm.
The most significant seasonal variations were reg-
istered for Cu?*: in sample 3.1, the concentration
increased from 0.63 mg/kg in spring to 36.8 mg/kg
in summer, which significantly changed the en-
vironmental interpretation of the site’s summer
status. The general conclusion that follows from
the above data is that, for the assessment of poten-
tial morphological transformations, local maxima
and their seasonal dynamics are of greater interest
than average site concentrations since they deter-
mine the areas of priority interest for further study.
The comparison of both sites revealed that the risk
degree is different: the maximum risk at Site 1 is
caused by a sharp increase in the concentration of
Cd* in spring at the Northern direction in samples
1.1 and 1.2 (0.898 mg/kg and 0.768 mg/kg, respec-
tively), while at Site 2, the maximum risk is caused
by a sharp increase in the concentration of Cu** in
summer in sample 3.1 (36.8 mg/kg) and the sum-
mer maximum of Cd** concentration in sample

2.1 (0.756 mg/kg). Zn* and Pb* concentrations
at both sites during both seasons are significantly
below the MPC and are subject to local seasonal
maxima (Zn%" up to 9.625 mg/kg at Site 1 and up
to 10.39 mg/kg at Site 2; Pb* up to 2.755 mg/kg
at Site 1 and up to 2.854 mg/kg at Site 2). The
points of priority interest for further monitoring
and repeated sampling are 1.1-1.2 (Cd*, spring) at
Site 1, as well as 3.1 (Cu?*, summer) and 2.1 (Cd¥,
summer) at Site 2, since they determine the max-
imum excess of MPC within the framework of the
presented data.

Over the spring-summer period of 2025, the
morphological structure of wastes at Site 1 is gen-
erally represented by the prevalence of the pol-
ymer fraction (plastics: 23-25%, polyethylene:
16-18%, the total share is approximately 41%),
a considerable share of organic waste (15-16%),
and components potentially recoverable (paper/
cardboard: 12-14%, glass: 10-13%). Against the
background of the recorded morphological struc-
ture of waste, the cases of excess of the maximum
permissible concentration were registered: in the
spring period, the concentration of Cd* in the
Northern direction (samples 1.1: 0.898 mg/kg and
1.2: 0.768 mg/kg) exceeded the MPC (0.70 mg/kg).
In summer, a pronounced local excess was regis-
tered for Cu** in sample 3.1 (Southern direction),
which is 36.8 mg/kg (MPC 3.00 mg/kg). This fact
indicates the formation of a focal zone of high
anthropogenic pollution. At Site 2, the morpho-
logical composition of waste in the spring and
summer of 2025 was the same and consisted of
the following: plastics: 25%, polyethylene: 16%,
rubber waste: 14%, organic waste: 13%, paper and
cardboard: 13%, glass: 9%, wood: 5%, textiles: 4%,
ferrous metals: 1%. Such a composition indicates
the prevalence of long-lived materials (polymers
and rubber) and the presence of a biodegradable
fraction, which determines the intensity of the
transformation processes in the body of the land-
fill. The constancy of the morphological composi-
tion is a necessary condition for the correct sea-
sonal comparison of the processes of migration
and risks of toxicant accumulation in the soils
adjacent to the landfill. The likely causes of the
revealed excesses of the MPC should be interpret-
ed in the relationship between the morphological
composition of the waste and the processes of for-
mation of leachate and migration of contaminants.
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The increased content of polymer and rubber frac-
tions can serve as a source or carrier of impurities
due to the presence of technological additives,
fillers, and pigments, as well as contribute to the
sorption/desorption of metals on the surface of
materials during degradation. On the contrary,
the presence of an organic component (13-16%)
contributes to biochemical transformations and
the formation of leachate, which changes the
physicochemical parameters of the environ-
ment (solubility of compounds, mobility of metal
forms) and can contribute to their migration and
accumulation. Local maxima (of Cd** in samples
1.1-1.2 and Cu?* in sample 3.1) are associated with
point sources of pollution in combination with
non-uniform distribution and filtration of mois-
ture in the contaminated areas.

CONCLUSIONS
In the framework of the study, it was found that
in 2025, for both landfills, the characteristic fea-
ture of the morphological structure of waste is
the prevalence of the polymer fraction. At Site 1,
in the spring-summer period, the total content
of plastics and polyethene in the waste remained
at the same level, 41%, and a significant content
of the organic fraction (15-16%) and the com-
ponents, which are potentially recyclable (pa-
per/cardboard and glass), was noted. At Site 2,
the morphological composition of waste in the
spring and summer was the same in terms of the
proportion of fractions, which indicates a con-
stant waste flow and reproducibility of struc-
ture. Morphological results validate the high
potential of the waste stream both as a resource
and environmental threat, as they are mostly
composed of long-lifetime materials (polymers
and rubber). At Site 1, slight seasonal structur-
al variations were registered (increase of plas-
tics and paper/cardboard and decrease of glass),
which might be linked to changes in packaging
materials during the spring-summer season. At
Site 2, the relatively constant proportions of
the main fractions allow considering the mor-
phological profile as a reference characteristic

Leliushok & Naumovska

for the interpretation of migration processes
and related pollution risks.

The investigation of the soil samples revealed
the exceedance of maximum permissible con-
centrations of heavy metals in certain directions
and periods of sampling. For Site 1, in the spring
season, MPC exceedance for Cd* (0.70 mg/kg)
was found in the Northern direction in samples
1.1 (0.898 mg/kg) and 1.2 (0.768 mg/kg). In the
summer season at the same site, a sharp local
MPC exceedance for Cu® (3.00 mg/kg) was reg-
istered in the Southern sample 3.1 (36.8 mg/kg),
which indicated the formation of a localised zone
of anthropogenic pollution. The reasons for the
registered MPC exceedances are related to the
morphological features of the waste and pro-
cesses caused by them in the waste-leachate-soil
system. Elevated proportions of the polymer and
rubber fractions may act as sources or carriers of
impurities and participate in the retention and
transport of pollutants, while the organic fraction
enhances the formation of leachates and changes
the physicochemical conditions that influence the
mobility and accumulation of metals in the soil.
The local character of the MPC exceedances (for
Cd? in the 1.1-1.2 direction and for Cu?* in sample
3.1) agrees with the spatial heterogeneity of the
composition and moisture content of the waste,
as well as with the varying intensity of filtration,
which controls the focal accumulation of heavy
metals. Further investigations are recommended
for a deeper analysis of the influence of different
waste fractions on heavy metal migration in soils
and for the development of efficient measures to
mitigate anthropogenic pollution through proper
management and treatment of the waste.
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AHoTatist. B yMoBax 3poCTaHHS KiJIbKOCTi JJOKaJTbHUX, HEKOHTPOJIbOBAHMX MiCIlb pO3MillleHHSI BiIX0/1iB
B YKpaiHi mpo6ema OIiHKM iX BIUIMBY Ha CTaH I'PYHTIB HabyBae 0COGIMBOI aKTYyaTbHOCTI, 3BAXKAIOUN
Ha BMCOKMII MOTeHIliaJ Mirpanii TOKCMYHMX e/leMEeHTIB Ta TpUBAaIMUIi Iepiof, iIXHbOI eKOJIOTiYHOi
aKTMBHOCTI. MeTo AoCTifKeHHsT OYB aHaji3 B3a€EMO3B’SI3Ky MiXXK MOP(QOJIOTIiUHOI CTPYKTYPOIO
BiAXOAiB Ha HECAHKI[IOHOBAHUX CMITTE3BAIMIIAX Ta PiBHIMM HAKOTMUEHHS BasKKMX MeTalliB y [PyHTax
TEeXHOTeHHO HaBaHTAXEHUX TepUTOpiil. Y HOC/TiIKeHHI 3aCTOCOBAHO CTaHAAPTMU30BaHY METOOUKY
Bim6Opy Mpo6 TBepAUX MOGYTOBUX BifXOMiB Ta I'PYHTIB 3TiHO 3 HAl[iOHAJLHUMM Ta Mi>KHAPOIHUMU
BUMoramu. Mopdosoriuamii ckiaaj TBepAUX MOOYTOBMX BigXOMiB BM3HAUAIM IHUIIXOM (QpPakIliifiHOro
COPTYBAHHS 3a KaTeropismmu: IIacTUK, Marip i KapToH, CKJIO, MeTali, OpPraHiuHi BigXoau, TeKCTUb,
GymiBenbHi MaTepianu Ta iHmi 3Mmimani gpakuii. Bin6ip rpyHTOBMX 3paskiB 3AiiiCHIOBABCS 3 IIMOUHU
0-20 cMm, 1110 BifTIOBiTa€ 30Hi HaibOiNbIIOT aKyMYJIsiiii TexHOreHHMX MeTasiB. Konnenrtparii Cd2+, Cu2+
Ta Zn2+ BU3HAYA/IM i3 3aCTOCYBaHHIM aTOMHO-a6CcopOIIifiHOI ClIeKTpOMeTpii, 110 3a6e3Mmeunsio BUCOKY
TOYHICTb KiJTBKiCHOTO aHasi3y. [l CTaTUCTUYHOI 06POOKM Pe3yabTaTiB BUKOPUCTAHO KOPESLiitHMit
aHasi3, OmiHKy KoedimieHTiB meTepmiHanii Ta MOGYmOBY perpeciitHux Mopmesnei s BU3HAUEHHS
3B’SI3Ky MiX 4aCTKOI0 OKpeMux Mopdosoriuanx Gpaxiiiii Ta piBHIMM 3a6pyaHEHHS I'PYHTIB. [IOAATKOBO
MIPOBEMIEHO OIIiHKY €KOJIOTiUHOTrO PU3UKY 3a iHAeKcaMy HAKOMMUYEHHsI, KoedillieHTOM 3a06pyIqHEeHHS
Ta MoaudikoBaHMM iHIEKCOM TOTEeHIIiiHOI eKoyoriuHoi Hebesmeku. OTpuMaHi OaHi BUSBWIK
CTATUCTUYHO 3HAUYIIi 3B’SI3KM MiX MHigBUIIEHMM BMiCTOM BaKKMX METaliB y I'DYHTOBOMY ITOKPUBi
Ta HasgBHICTIO Yy CKJIafi BimxomiB Takux (pakiiiii, Sk MeTaso6pyXT, ApiGHOAMCIIEPCHUI IUIACTHUK,
€JIeKTPOHHI Ta eJIeKTPOTEXHIUHI KOMITOHEHTH, & TAKOX OYyiBe/bHI MaTepiau, 1o MicTsTh hap6u, Jaku
Ta iHIIi mosiMepHi cymini. Hait6inbin iHTeHCMBHO [0 I'PYHTY MirpyioTh Pb2+ ta Cd2+, 1110 KOpeTIITh
3 ppakiismMu crapux 6aTapeitok, IpiOHMX MeTaJeBUX MPeIMETiB Ta eJIeKTPOHHUX Bigxoxis. Opra"iyHa
(dpaxkiiist, xoua i He € IPSIMUM JI3KEPeIOM BaskKKMX MeTaJliB, cIipusie ix Mob6iisalii BHAWIiIOK Ipo1ieciB
MiHepaJisallii Ta yTBOpeHHS OpraHiuHMX KUCIOT

KmiouoBi cmoBa: koedillieHT KOHIeHTpallii; iHmeKc 3abpymHeHHS; pyxoMi (OpMHU elleMeHTiB;
amcopO1iist; pinbrpatu

30 Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026


https://orcid.org/0009-0002-8576-8950
https://orcid.org/0000-0002-5938-8471

