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Abstract This study investigates human health risks
associated with heavy metals (HMs) occurrence in
municipal solid waste (MSW) landfills. For testing of
selected MSW landfills steps were involved, including
site characterization, soil sampling and chemical test-
ing, statistical analysis, as well as health risk assess-
ment, carcinogenic and non-carcinogenic -effects.
For the Polish landfill (Radiowo) the average HMs
concentrations were found in the following order:
Zn (52.74 mg/kg DM)>Pb (28.32 mg/kg DM) > Cu
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(12.14 mg/kg DM)>Ni (4.50 mg/kg DM)>Cd
(3.49 mg/kg DM), while for the Czech landfill
(Zdounky): Zn (32.05 mg/kg DM)>Cu (14.73 mg/
kg DM)>Ni (4.73 mg/kg DM)>Pb (0.10 mg/kg
DM)=Cd (0.10 mg/kg DM). Strong positive correla-
tions between selected HMs demonstrated identical
origins. Principal component analysis (PCA) per-
formed for the Radiowo landfill transferred the soil
parameters into three principal components (PCs),
accounting for 87.12% of the total variance. The
results of the PCA analysis for the Zdounky landfill
revealed three PCs responsible for 95.16% of the total
variance. The exposure pathways of HMs for land-
fills were in the following order: ingestion > dermal
absorption > inhalation. For both landfills, the values
of hazard quotient were lower than 1, indicating no
potential negative health effects. In terms of the haz-
ard index (HI), for both landfills, no adverse human
health effects occur (HI<1). The incremental life-
time cancer risk (ILCR) values indicated negligible or
acceptable carcinogenic risk of HMs (average ILCR
in the range from 5.01E—10 to 5.19E—-06).

Keywords Waste management - Pollution - Heavy

metals - Carcinogenic effects - Spatial distribution -
PCA analysis
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Introduction

Municipal solid waste (MSW) landfills play a
significant role in waste management systems (He
et al.,, 2022; Matheson, 2022; Vaverkova, 2019,
2023). Nevertheless, landfills, even well-designed
and secured, can pose potential risks to both the
environment and human health, particularly because
of the presence of heavy metals (HMs) in the waste
stream (Aendo et al., 2022; El Fadili et al., 2022;
Koda et al., 2020a; Podlasek et al., 2021; Siddiqua
et al., 2022). Typical sources of HMs in landfills
may be incinerator ashes, mine wastes and household
materials (i.e., electronic equipment, batteries, paints,
inks, leather, rubber, photographic films, and steel
products) (Choudhury et al., 2022; Jakimiuk et al.,
2022). Debnarova and Weissmannova (2010) pointed
out that Cd may originate in batteries, coatings of
plastics and pigments, as well as automotive radiators,
electronics, tires, gasoline, and oils. The occurrence
of HMs in soils adjacent to landfills may also be
the result of leachate formation and subsequent
migration from the landfill body (Yeilagi et al., 2021).
Major factors influencing contaminants release and
increase in HMs concentrations in soil are related to
waste disposal, leachate and geothermal wastewater
discharge, the energy sector, and the automotive
industry (Kosowski et al., 2019; Trach, 2020; Tucki
et al., 2020; Wang et al., 2020). Zhou et al. (2022)
highlighted that the primary source of HMs could
be associated with the siting and operation of waste
disposal facilities such as waste treatment centres,
domestic waste incineration plants, and leachate
treatment stations.

The hazards associated with HMs occurrence
are the effects of their persistence (Ali et al., 2019),
toxicity, and vulnerability to accumulation (Liu
et al., 2020). The persistence allows HMs to remain
in the ecosystem for an extended period, thereby
increasing the likelihood of exposure and potential
adverse effects (Emenike et al., 2021). This means
that landfill sites can harm surrounding soils, water
resources, and human health, and can persist even
after landfill closure and reclamation (Koda, 2012;
Morita et al., 2021). Makuleke and Ngole-Jeme
(2020) indicated that even more than 20 years after
the landfill closure, the leachate migration around
the landfill may be in progress. Nevertheless, the
intensity of this migration decreases over time, and
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as evidenced by Barlaz et al. (2002), a decrease of
75% may be observed in the first year, and even
90% during the 4 years after closure. Iravanian
and Ravari (2020) found that in the post-closure
phase, several years after the closure of the landfill,
elevated concentrations of HMs (Fe, Zn, Ni, Cu) in
soils are still measured.

Considering that landfills may coexist with
agricultural areas, the risk of their negative impact
on these areas should not be overlooked (Vaverkova,
2019, 2023). As reported by Kiciiska and Wikar
(2021), increased concentrations of Cr and Ni may
be measured in agricultural soils owing to the use of
phosphate fertilizers and municipal wastewater. It is
therefore crucial to be aware of the adverse effects of
landfills on food safety and sustainable agriculture
(Pysarenko et al., 2022).

Furthermore, HMs exhibit toxicity, which
means that, even at low concentrations, they can
have harmful effects. These effects can range
from damaging cellular structures and impairing
physiological  functions to  disrupting vital
biochemical processes within organisms (Priya et al.,
2022). HMs can bind to soil particles, sediments,
or other matrices, leading to their gradual build-up
over time (Ore & Adeola, 2021). The magnitude
of HMs accumulation (along with that of other
contaminants) is influenced by soil physicochemical
parameters (Fronczyk et al., 2016; Sieczka & Koda,
2016; Nartowska et al., 2017). Consequently, the
vulnerability to accumulation increases the potential
for prolonged exposure and associated health risks
(Nkwunonwo et al., 2020; Obiri-Nyarko et al., 2021).

Given the above, it is justified to research
human health risk assessment of HMs pollution to
evaluate the magnitude and extent of contamination
and determine the potential impacts on both the
environment and human well-being (Vaverkova,
2019, 2023). Human exposure to HMs from
contaminated soils is a significant concern,
particularly for individuals residing in proximity to
MSW landfills (Ihedioha et al., 2017). These exposure
pathways include direct contact with contaminated
soil, inhalation of particles, consumption of
contaminated food crops, and bioaccumulation
of HMs in the human body (Ali et al., 2021), and
therefore, they should be thoroughly investigated.
Several researchers have focused on the visible
pollution of HMs in operational and non-operational
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landfill areas. Therefore, the design of barrier systems
is recognized as an important approach to mitigate
their negative impact (Hussein et al., 2021; Jakimiuk,
2022; Koda, 2012).

The main objective of this study was to investigate
the hazards associated with the occurrence of
HMs in the vicinity of MSW landfills. The study
acknowledged that, although the tested landfills
are classified in the same group, they can differ in
terms of their current exploitation phase (operational
or non-operational), management rules, applied
protection systems, and composition of waste stored.
We hypothesize that these differences may have
implications for the presence and potential risks of
HMs. The specific objectives of the study were: (1)
to assess HMs pollution in reference to environmental
regulations and using pollution indices, (2) to identify
the spatial distribution and possible sources of
HMs in soils at different MSW landfill sites, (iii) to
evaluate carcinogenic and non-carcinogenic risks of
HMs exposures through soils ingestion, inhalation,
and dermal absorption.

By conducting an in-depth human health risk
assessment, this study provides valuable insights into
the extent of HMs contamination and its implications
for waste disposal sites. This knowledge builds the
foundation for implementing appropriate mitigation
strategies, such as remediation measures, waste
management improvements, and regulatory actions,
to safeguard both the environment and public health.

Material and methods
Description of the study areas
Radiowo land]fill

The Radiowo landfill (52° 16" 37" N, 20° 52" 45" E)
is located in the municipality of Stare Babice (in the
Klaudyn village area) and partially in the city of War-
saw (Bemowo District), Poland (Fig. 1b).

The landfill is surrounded by forests of the
“Bemowo” Forest Park from the south and east
(including the “Kalinowa bLaka” floristic nature
reserve and the “Losiowe Blota” peatland reserve).
On the northern side, the landfill borders the green-
waste composting plant (until 2012 DANO system).
Near the landfill, there is a railway siding on the
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Fig. 1 Study areas on the background of surrounding coun-
tries (a); location of the Radiowo landfill (b); location of the
Zdounky landfill (¢)

western side, beyond which there are industrial
facilities. At a distance of approximately 200 m from
the foot of the slope, there is a paved area used as a
customs car depot, and in the northwest direction,
there is a fuel storage warehouse. Approximately
350 m north of the green-waste composting facility
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(around 400 m from the landfill), the Lipkowska
Woda Stream flows, which is a tributary of the
Zaborowski Canal. At a distance of approximately
550 m from the composting facility, there is the
closest residential area. A larger housing estate is
located approximately 1.5 km eastwards from the site.
Kampinos National Park is located approximately
3 km northwest of the landfill.

The Radiowo landfill covers an area of
approximately 16 ha and has a height of 60 m.
Until 1991, the Radiowo landfill stored unsorted
MSW from the Warsaw districts over approximately
30 years. Since 1992, the facility has been exclusively
used as a landfill to incorporate screening residues
from the Radiowo Composting Plant (DANO
system). Only waste materials (screening residues)
from compost production are deposited, which serves
as a shaping material for the landfill. These include
plastics, films, tires, textiles, scrap metal, and a small
amount of organic waste (approximately 5%).

The types and morphologies of waste destined
for disposal at the Radiowo landfill are presented
in the Supplementary materials (Table S1). Some
parts of the waste stream have been utilized in the
technological processes (Table S2) associated with
shaping the landfill body, constructing covering and
reclamation layers, stabilizing slopes, and building
drainage and leachate collection systems (Koda et al.,
2020b).

At the time of its establishment, the landfill had
not been lined at the base. The first aquifer is found
at a depth of 0.5-2.0 m below the surface level (b.s.l.)
and was exposed to contamination from leachate for
many years. The second aquifer is located at a depth
of 15-25 m b.s.l. and is isolated from the surface by
layers of glacial till, and locally by clay deposits. A
detailed description of the hydrogeological conditions
of the Radiowo area can be found in previous studies
(Koda, 2012; Koda et al., 2016; Podlasek et al.,
2021).

In 1997-1998, construction projects for landfill
reclamation were developed. Leachate collection
systems were installed at the base of the landfill
slopes, and excess rainwater was collected from the
composting facility. These waters were managed
on the Ilandfill within a closed-loop system
(recirculation). A vertical barrier was constructed
as part of the remediation, which reached the
impermeable layer to prevent leachate migration. The
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leachate collection system was also implemented,
consisting of sealed tanks, retention ditches, finger
drains, cascade tanks on the landfill’s crest, and
a micro-irrigation system on selected slopes. In
November 2001, the leachate management was
extended to include pre-treated rainwater from the
composting facility, which had previously been
discharged into the Zaborowski Canal. The landfill
body was shaped considering stability conditions and
the final land use plan, including the implementation
of biological covers on the slopes and further
recreational applications. Additionally, a landfill
gas management system was installed, and adjacent
drainage ditches were restored. In 2016, waste
disposal at the Radiowo landfill ceased, indicating
that the landfill stopped accepting any further waste
deposits. Subsequently, in 2017, the landfill was
officially closed, signifying the end of its operation
as a waste disposal site. It is planned to develop the
landfill for recreational purposes, mainly for skiing in
winter and mountain biking in summer.

Zdounky landfill

The Zdounky landfill (49° 14’ 29.2" N 17° 18
30.3" E) is located in the area of Nétéice, part of
the Zdounky municipality, in the KroméfiZ District
(Zlin Region) in the Czech Republic (CR). It was
established on approximately 10 ha of agricultural
land. Currently, landfills occupy an area of
approximately 7 ha, and each side is surrounded by
farmlands (Fig. 1c). During its construction, the
Zdounky landfill was designed to handle a waste
volume of 907,000 cubic meters, to serve a population
of 75,000 individuals. However, the landfill has
received a total amount of 1,280,750 Mg of waste
to date. The landfill is categorized as a sanitary
landfill. It is designed to store S-category waste,
specifically sub-category S-OO3. This classification
refers to “other waste”, which includes a range of
materials, that is, biodegradable organic substances.
The landfill is equipped to handle and store various
types of waste in a controlled and environmentally
responsible manner. Hazardous wastes are not
deposited in the Zdounky landfill. The facility
focuses on accepting nonhazardous waste materials
(Table S3). Additionally, biogas generated from the
decomposition of waste within the landfill is collected
and processed in a motor-generator unit. This process
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converts biogas into electrical energy, which can be
utilised for various purposes. Moreover, a part of the
landfill body crown is operated as a composting plant.
This means that organic waste, such as food scraps or
garden waste, may be processed through composting
methods. This helps to manage and reduce organic
waste and, promotes environmentally friendly
practices within the landfill site. On a designated
part of the Zdounky landfill site, there is a recycling
area in which inert demolition waste material is
processed and stored. This recycling area serves the
purpose of segregating and managing specific types
of waste, particularly inert materials from demolition
activities. The Zdounky landfill is designed as an
engineering facility that incorporates a sealing system
to minimize the potential for leachate leakage into the
surrounding environment (Podlasek et al., 2023). This
sealing system consists of multiple layers, including
a mineral liner composed of practically impermeable
soil, with a thickness of 1 m; a high-density
polyethylene (HDPE) geomembrane located on the
top of a mineral liner, with a thickness of 1.5 mm; and
a drainage layer above the geomembrane, composed
of sands and end-of-life tries, which helps to properly
manage the leachate generated in the landfill body.
The reclamation of the Zdounky landfill took place
between 2017 and 2019. The planned service life of
the landfill is extended, and it is expected to continue
operating until 2027. Owing to its location within
agricultural areas, the Zdounky landfill may pose
a potential risk of soil-water contamination in the
surrounding areas. This risk may be of particular
importance as food crops may accumulate high
amounts of HMs from contaminated soils and
leachate.

Soil sampling and analysis

Soil samples were collected and stored, transported
and prepared for laboratory analysis following the

mg

Concentration of HM in solution (%) X volume of dilution (L) x 1000

procedures described in PN-ISO 10381-1. (2008),
PN-ISO 10381-2 (2007), PN-ISO 10381-3 (2007),
PN-ISO 10381-5 (2009). For both landfills, samples
were collected from the top layer (0-0.25 m) of the
selected soil profiles. The sampling points were
strategically distributed based on their proximity to the
piezometers, which monitor the groundwater quality at
the landfill sites (Fig. 1b, c). The grain size distribution
was analyzed according to PN-EN ISO 14688-1
(2018). Before HMs content analysis, soil samples were
digested using a Milestone microwave oven (Start D,
Italy), following the procedure described in Method
3051A (USEPA, 2007). The digested soil-acid solutions
were filtered and adjusted to 100 mL with deionized
water. The concentrations of HMs (Ni, Cd, Pb, Zn,
and Cu) were measured using Atomic Absorption
Spectrometry (AAS) in an air-acetylene flame. HMs
analysis was performed in an iCE 3000 spectrometer
(Thermo Scientific, USA). Thermo SOLAAR software
allowed quick and easy optimization of the method.
A hollow cathode lamp with each metal was used at
the specific wavelength. For the analysis of each of
the HMs, the Calibration Curve Method was applied
(Farrukh, 2012). The method involved the preparation
of standard solutions with five different concentrations.
The absorbance of these standard solutions was
measured using a spectrophotometer at a specific
wavelength, and the recorded absorbance values were
used to create a calibration curve. A regression line
was fitted to the data points to establish the relationship
between concentration and absorbance (Draghici et al.,
2011). Once the calibration curve was prepared, a test
solution was adjusted to fall within the measurable
range of the calibration curve. The adjusted test
solution’s absorbance was then measured at the same
wavelength as the standard solutions. The concentration
of the HM in the test solution was determined by
referencing the calibration curve. The actual HM
content in each sample was calculated based on the
results of the spectrometry study (Adegboye et al.,
2021):

ey

Content of HM<—> =
kg

weight of sample(g)
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The analysis was performed in triplicates for each
soil sample tested. All the chemicals used were of
analytical reagent grade. Soil pH was analyzed using
the method described by PN-EN ISO 10390. (2022).
The interpretation of soil quality based on pH was
performed according to the classification presented by
Bruce and Rayment (1982). The electrical conductivity
(EC) was measured using the conductometric method.
For both the pH and EC analyses, a multimeter CX-601
(Elmetron, Poland) was used. Salinity levels were
assessed based on EC measurements in soil-water
extractions. The interpretations of the EC values were
in accordance with Richards (1954).

Pollution assessment

For the Polish landfill site, the soil quality was
assessed using HMs content based on permissible
values reported in the Regulation of the Minister of
the Environment (Journal of Laws No., 2016 item
1395) (Table S4).

For the Czech landfill site, the HMs concentrations
were compared with those of Decree No.153/2016
Coll. on the establishment of details concerning the
quality of agricultural land, issued by the Ministry
of the Environment of the CR. Moreover, the target
and intervention values of HMs concentrations were
considered in reference to the legal guidelines of
selected countries (Table S5).

For further comparative analysis, the literature
data on HMs content in soil were also included,
considering the average abundance of total HMs
in typical soils, background levels of HMs in soils,
and relative contents of HMs in soils (Hazelton &
Murphy, 2016).

Statistical analysis

The results of the soil quality analysis were sub-
jected to statistical processing using the Statistica 12
software (StatSoft Inc., Tulsa, OK, USA). Descrip-
tive statistics, including mean, median, minimum,
maximum, standard deviation, variance coefficient
of variation (CV), skewness, and kurtosis, were cal-
culated. The normality of the datasets was checked
using the Shapiro—Wilk test. The Mann—Whitney U
test and Student t-test were applied to check the sig-
nificance of the differences between the analyzed soil
features of the Radiowo and Zdounky landfills. The
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Mann—Whitney U test was used in the case of lack
of normality of datasets, while the Student t-test was
used when normality existed. Levene and Brown-
Forsythe tests were used to determine the equality of
variances. The interpretation of the results was based
on the guidelines reported by Rabiej (2018).

Pearson’s correlation coefficients (r) were
calculated to determine the relationships between the
soil parameters (Schober et al., 2018).

Principal Component Analysis (PCA) was
performed to explain the variance of interrelated soil
features (Subba Rao et al., 2020) and to reduce the
dimensionality of the soil monitoring datasets for
both landfills. This tool has also been used to identify
possible sources of HMs in soils (Obiri-Nyarko
et al., 2021). Varimax rotation was performed using
Kaiser’s criterion with an eigenvalue greater than 1.0
(Kaiser, 1958). Before PCA analysis, the soil data
were standardized. According to Maji and Chaudhary
(2019), the variables were found as statistically
significant when the correlation coefficient was
higher or equal to 0.5.

Health risk indices

To assess non-carcinogenic and carcinogenic risks,
a computational approach of USEPA (1989) was
adopted, including the source of pollution, exposure
routes, and receptors. The following routes were
considered: (1) soil ingestion, (2) inhalation of soil
particles, and (3) dermal absorption. The average
daily dose (ADD) from each exposure route was
determined using the formulas:

Direct soil ingestion (ADD,,q ;)
Csoi X IngR ;) X EF X ED X CF
ADD ing—soil — ‘ ‘
& BW x AT

@
where C,;—concentration of HM in soil (mg/kg
DM), IngR,—soil ingestion rate (mg/day), EF—
exposure frequency (day/year), ED-—exposure

duration (year), CF—conversion factor (kg/mg),
BW—average body weight (kg), AT—average time
(day).
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Inhalation of soil particles (ADD;,,;,)

3

C,pi X InhR X EF X ED
ADD,,, = —

BW X AT X PEF

where InhR—inhalation rate (m*/day), PEF—particle
emission factor (m3/kg).

Dermal absorption (ADD,,,,)

Cypit XAF ,;; X SA X ABS X EF X ED X CF
ADD der =
BW x AT
“4)
where AF,;—skin adherence factor (mg/cm?

day), SA—exposed skin area (cmz), ABS—dermal
absorption factor (-).

Hazard quotient (HQ)

To estimate the potential non-cancerogenic health

risk of the soil HMs the formula for calculation

Hazard Quotient (HQ) was used (USEPA, 1989):
ADD

HQ = RD )

where RfD—reference dose (mg/kg/day).

Hazard index (HI)

The overall potential risk posed by HMs was
calculated using the formula of Hazard Index (HI),
including the sum of HQ for each HM analyzed
(USEPA, 1989):

HI = Z HQ (6)
i=1

For the interpretation of HQ and HI values for each
route of exposure, it was considered that no adverse
human health effect occurs when HO<1 or HIL]1,
and there is a potential non-carcinogenic risk when
HQ>1 or HI>1 (USEPA, 1989).

Carcinogenic risk (CR;)

Carcinogenic risk (CRi) was evaluated to find the
potential risk related to the exposure to carcinogenic

elements during the lifetime after the exposure (Rou-
hani et al., 2022).

CR;, = ADD; X SF @)

where SF—cancer slope factor (kg/day/mg).

For the interpretation of the results, it was adopted
that CR values less than or equal to 1.00E—06
represent virtual safety, and a CR equal to or greater
than 1.00E—04 indicates a potentially great risk.
The range of acceptable total risk is 1.00E-06 to
1.00E—04 (Jaffar et al., 2017).

Incremental lifetime cancer risk (ILCR)

n
ILCR="Y CR, ®)
i=1

For the interpretation of CR; and ILCR values
for each route of exposure, it was considered
that a negligible carcinogenic risk occurs when
ILCR < 1.00E—06, and lifetime carcinogenic risk to
human health occurs when ILCR > 1.00E—04.

Results and discussion

Physicochemical parameters of soils and overview of
HMs concentrations

The soils collected from the Radiowo landfill area
exhibited varied granulometric compositions, includ-
ing sandy clay, silty clay, clays, and sand. The average
distribution of the fractions in these soils was approx-
imately 20.13% clay, 14.27% silt, 63.84% sand, and
1.76% gravel. The soils from the Zdounky area were
classified as sandy clayey silts, silty clays, and clayey
sands, with a specific fraction of 15.90% clay, 42.79%
silt, 35.21% sand, and 6.10% gravel. The distribution
of fractions in these soils is of particular importance
for the possible retardation of HMs, such as Pb and
Cd. The particle size distribution curves for the ana-
lyzed soils are shown in Fig. 2.

The results, as shown in the Supplementary
materials (Table S6), indicate that there were
no significant differences in the content of clay
(»=0.115779) and gravel (p=0.07350) fractions
between the soils from both landfills. However,
significant differences were observed for the silt

@ Springer
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Fig. 2 Particle size distribution of soils from the Radiowo (A) and Zdounky (B) areas

(»=0.001993) and sand (p=0.000350) fractions, as alkaline (pH=8.0), with a mean pH value of 7.3,

determined by the Mann—Whitney U and Student-t indicating a neutral character (Table 1).

tests, respectively. The soils from the Zdounky landfill had a pH range
The soils from the Radiowo site exhibited a pH from neutral (pH=7.2) to mildly alkaline (pH=7.5),

range of strongly acidic (pH=5.0) to moderately which aligns with the optimal pH range for crops.
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Table 1 Statistical data

EC (pS/cm)  Heavy metals (mg/kg DM)

Ni Cd Pb Zn Cu

Statistical parameter  pH (-)

of pH, EC and HMS

concentrations in soils (mg/

kg DM) of the Radiowo and

Zdounky areas Radiowo
Mean 7.3
Median 7.4
Minimum 5.0
Maximum 8.0
SD 0.8
Variance 0.6
(6\% 10.4
Skewness -23
Kurtosis 4.9
Zdounky
Mean 7.4
Median 7.4
Minimum 7.2
Maximum 7.5
SD 0.1
Variance 0.01
Ccv 1.5

SD standard deviation, CV Skewness -0.8

coefficient of variation, n.a. Kurtosis 03

293.10 4.50 3.49 28.32 52.74 12.14
285.10 4.59 1.60 18.99 46.32  10.09
26.40 0.10 0.66 6.02 1633  2.93
589.20 7.81 12.40 104.83  127.46 21.69
152.01 2.28 4.29 29.10 31.12 647
23,110.38 5.20 18.36 846.62  968.60 41.81
51.87 50.73 122.82  102.76 59.00 53.27
0.23 -047 1.78 2.38 1.63 042
-0.54 0.05 1.60 6.27 361 -1.16
267.74 4.73 0.10 0.10 32.05 14.73
254.50 4.85 0.10 0.10 3495 15.50

200.80 2.40 0.10 0.10 520 270

367.70 7.10 0.10 0.10 48.70  25.90
65.08 2.28 0.00 0.00 16.62  7.60
4235.06 5.21 0.00 0.00 276.14  57.77
24.31 48.23  0.00 0.00 51.85 51.59
0.78 —-0.02 na n.a -0.80 -024
-0.98 -3.15 na n.a -023 143

not applicable

Statistical analysis revealed no significant differ-
ences in the soil pH between the two landfills. The
concentrations of most analyzed HMs in the soils did
not follow a normal distribution, except for Cu. This
lack of normality in HMs concentrations is consist-
ent with Karimian et al. (2021), who reported non-
normal distributions of HMs. The relatively neutral to
alkaline pH values observed in the analyzed soils sug-
gest a potentially lower mobility and reduced envi-
ronmental risk associated with HMs contamination in
both landfill areas.

For both landfills, the soils were found to be
non-saline (EC<2000 pS/cm) (Table 1) and the
differences between measured EC values were
not significant (p=0.682441) (Table S6). Similar
observations were presented by Vijayalakshmi
et al. (2020), who measured EC in the top layers
(0.00-0.30 m) in the area of landfills at levels
148-304 pS/cm. A substantially broader range
(510-3655 pS/cm) of the EC at the landfill site in
Ghana was observed by Obiri-Nyarko et al. (2021).

Typical EC values for agricultural soils in Poland
are reported to be around 96.4 pS/cm on average.
The range of these values spans from a minimum of

<10 pS/cm to a maximum of 367.4 pS/cm (Kartano-
wicz et al., 2022).

Regarding the conditions of the Czech Republic,
Lukas et al. (2018) conducted experimental work on
eight fields within the Rostenice a.s. farm enterprise,
spanning a total acreage of 476 ha. Their study
specifically aimed to explore the relationship between
soil EC and various physico-chemical properties
of the soil. The findings of their investigation
revealed average EC values for agricultural soils
in the range of 255.8 to 753.2 pS/cm. This study
aligns with our findings and contributes to the
broader understanding of the variability in soil EC
across agricultural landscapes. For comparison, the
results from agricultural regions in southern Spain
indicate EC values averaging around 210 pS/cm.
Notably, this value is reflective of areas engaged in
intensive agriculture practices, as well as abandoned
farmlands (Lucas-Borja et al., 2019). The results
obtained regarding the EC of soils in the vicinity
of the Radiowo landfill and the Zdounky landfill,
surrounded by agriculturally used areas, are not
extremely low. Instead, they fall within the typical
ranges described in the literature.

@ Springer



97 Page 10 of 19

Environ Geochem Health (2024) 46:97

The EC values in soils by our study were on
average equal to 293.10 pS/cm for the Radiowo
landfill in Poland and 267.74 pS/cm for the Zdounky
landfill in the Czech Republic. The EC values in
the vicinity of the Ain-El-Hammam landfill site in
Algeria were reported to range from 2.0 to 2.8 pS/cm
(Mouhoun-Chouaki et al., 2019). These relatively low
values suggest minimal salinity in the surrounding
area, indicating a lack of significant impact on soil
conductivity. In the context of abandoned dump
sites in Kumasi, Ghana, the average EC values were
approximately 335 pS/cm, with an average pH of 7.8
(Akanchise et al., 2020). The EC values indicating
the non-saline character of soil at landfill sites may
be also confirmed by the climate characteristic, as
the saline soils may be observed mainly under arid or
semiarid climates (Yahaya et al., 2009).

The measured concentrations of Ni in the
soils from both landfills did not show significant
differences (Table S6). However, it is important to
note that these Ni concentrations were below the
typical concentrations reported by Plant and Raiswell
(1983) (Ni=5-500 mg/kg DM) and Sposito (1989)
(Ni=19 mg/kg DM) for soils.

The average concentrations of Cd (3.49 mg/kg
DM) (Table 1) in the topsoil of the Radiowo area
exceeded the limits set for residential and recreational
areas, as well as arable areas (except for type II-3).
The observed Cd concentrations were in line with
the standards required for wastelands and industrial
areas. Considering the limits for Cd in soils, the
concentrations in Radiowo exceed seven times (in
comparison to the Czech and Danish standards)
and even eight times (in comparison to the Swedish
standards).

Moreover, high CV values of Cd and Pb in the
Radiowo area suggest that the occurrence of these
HMs is affected by anthropogenic activities. Higher
CV values indicate a greater variability or dispersion
in the concentrations of Cd and Pb within the studied
area. Conversely, low CV values are typically
associated with the natural origin of HMs in soil
(Wieczorek et al., 2018). It was also confirmed by
Karimian et al. (2021) that high CV values of HMs
could be the result of external factors (i.e. human
activities). Raising awareness of the presence of even
minor increments of Cd in soils remains a matter
of utmost importance when formulating necessary
remediation strategies (Zhou et al., 2022). It is
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particularly important as Cd is recognized as one of
the most environmentally toxic HMs, known to exert
highly detrimental effects on soil health, biological
activity, plant metabolism, as well as the overall well-
being of humans and animals (Thedioha et al, 2017).

The excessive concentrations of Cd, Zn, Pb, and
Cu in the vicinity of the P-10 point near the Radiowo
landfill indicate the presence of a potential source of
HMs pollution in that area. The elevated levels of
these HMs could be attributed to nearby metallurgical
production activities, which can contaminate the
surrounding environment, including soil. The study
conducted by Wieczorek et al. (2018) supports
the notion that the excessive concentrations of Cd
and Pb in soils can be attributed to the influence of
mining and metallurgical activities, which involve the
processing of metals. The presence of a high level of
Cd measured at P-11 point, which is located in the
area of a waste treatment plant, suggests a potential
source of pollution related to the operation of this
facility.

For the Zdounky, the concentrations of Cd at each
of the monitoring points were below the detection
limit of 0.10 mg/kg DM (Table 1). This suggests
that the Zdounky landfill should not be considered a
potential source of Cd contamination in soils.

For both sites, the average Pb concentrations were
substantially lower than the environmental limits
(Tables S4 and S5). For the Zdounky landfill, similar
to Cd, the concentrations of Pb at each monitoring
point were lower than the detection limit (0.10 mg/
kg DM) (Table 1) and therefore also below the range
observed in typical soils (2-300 mg/kg DM) (Plant &
Raiswell, 1983).

The average Zn concentrations did not exceed the
standards set by other countries (Table S5). For the
Zdounky landfill, the average concentration of Zn
(32.05 mg/kg DM) was more than three times lower
than the limit set in the Czech regulation, and also
lower than the typical concentration of Zn in soils
(60 mg/kg DM) (Sposito, 1989).

The Cu concentrations at both landfill sites were
similar (p=0.477925) and did not exceed the limit
concentrations assigned to the I-IV soil groups.
Moreover, these Cu concentrations were consistent
with the ranges observed in typical soils (2—-100 mg/
kg DM) (Hazelton & Murphy, 2016).

For the Zdounky area, the highest concentrations
were observed on the eastern side, particularly
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near agricultural areas. This finding suggests a
potential association between agricultural activities
(application of fertilizers and pesticides containing
HMs) and elevated levels of HMs in the soil.
According to Obiri-Nyarko et al. (2021), variations
of HMs may be a consequence of various sources of
HMs.

Based on the above findings, it may be concluded
that HMs (except for Cd in the Radiowo landfill)
pose a low environmental risk (Vijayalakshmi et al.,
2020). Moreover, there is no evidence to suggest that
leachate migration occurs which would be confirmed
by the low presence of HMs (Pb, Cu, Mn, and Cd) in
soil samples (Ishchenko, 2017).

Considering HMs concentrations in soils in
the tested areas, it was found that they were in the
order Zn>Pb>Cu>Ni>Cd for the Radiowo land-
fill, and Zn>Cu>Ni>Pb=Cd for the Zdounky
landfill. In comparison, in soils near a munici-
pal waste disposal site in Silchar, Assam (India),
the concentrations of HMs were observed in order
Zn>Fe>Ni>Cu> Cr (Choudhury et al., 2022). The
HMs in the soils around the closed Lumberstewart
landfill in Bulawayo (Zimbabwe) followed the order
Fe>Zn>Cu>Cr>Ni>Cd (Makuleke & Ngole-
Jeme, 2020). Mavakala et al. (2022) who tested wild
solid waste dumpsites in the Democratic Republic of
the Congo, found the HMs in soils occurrence in the
descending order: Zn>Pb>Cu>Cr>Co>Cd>A
s>Hg, while in study performed by Karimian et al.
(2021), the sequence of HMs in landfill sampling
points was Al>Fe>Mn>Cr>Cu>Pb>Ni>Co>A
s> Cd. These comparisons highlight the variability in
HMs concentrations, influenced by site-specific fac-
tors, such as waste composition, management prac-
tices, and environmental conditions.

Interrelationships between HMs in soils

For the Radiowo landfill, a very strong correlation
was found between Pb and Zn (r=0.95), while
a strong correlation was found between Cd and
Pb (r=0.72), and between Zn and Cu (r=0.82).
Moderate correlations were observed between Cd and
Zn (r=0.69), and Pb and Cu (r=0.65). Mentioned
correlations were statistically significant (p <0.05).
Strong positive correlations between selected HMs
may indicate their identical origins (Rouhani et al.,
2022).

For the Zdounky landfill, a statistically significant
(p<0.05) strong correlation was observed between
Ni and Zn (r=0.87). The correlations between
Ni and Cu (r=0.77) and Zn and Cu (r=0.78)
were strong but not statistically significant. The
correlation for Cd and Pb was excluded because
their concentrations were below the detection limit
(<0.1 mg/kg DM). Kujawska and Cel (2019) found
that positive correlations between HMs may suggest
their interdependence, similar behaviour, and shared
sources.

Additionally, the composition of specific soil
fractions can influence HMs concentration. Xiao
et al. (2019) found that the overall HMs concentration
exhibited a positive correlation with clay content. For
the Radiowo landfill, a moderate positive correlation
(r=0.68) was found between Cu and the silt fraction.
This finding also aligns with Xiao et al. (2019), who
reported a moderate correlation (r=0.50) between
Cu and the silt fraction. For the Zdounky landfill, no
statistically significant correlations were observed
between soil fractions and HMs. The results of the
correlation matrix between all parameters analyzed in
our study are summarized in Supplementary materials
(Tables S7 and S8).

The PCA performed for the Radiowo landfill
converted the soil parameters into three principal

Table 2 Principle component analysis for the Radiowo area

Variables PC1 PC2 PC3
pH 0,837 0.24 0.36*
EC 0.85%** 0.26 —-0.31*
Ni 0.47* 0.65%* 0.57**
Cd 0.44%* =0.67** 0.37*
Pb 0.57** =0.74** 0.21
Zn 0.74%%* =0.58** 0.18
Cu 0.89%** —-0.14 0.03
Clay (.83 0.28 —-0.04
Silt 0.74** —0.06 =0.65%*
Sand =0.89%** -0.23 0.33*
Gravel 0.20 0.76+** 0.25
Eigenvalues 5.59 2.63 1.36

% of variance 50.81 23.90 12.41
Cumulative % 50.81 74.71 87.12

*Significant factor loading is boldfaced (***strong>0.75;
**medium 0.50-0.75; *weak 0.50-0.30) (Liu et al., 2003). The
underlined values are statistically significant
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Table 3 Principle component analysis for the Zdounky area

Variables PC1 PC2 PC3

pH =0.77%%* —0.46%* —0.32%
EC 0.60%* 0.66** 0.44*
Ni 0.95%%* 0.22 -0.21
Zn 0.71%* 0.22 =0.62%%
Cu 0.61%* 0.47* =0.52%*
Clay 0.66%* =0.64** -0.28
Silt 0.79%** —0.40* 0.40*
Sand =0.67%* 0.73%%* 0.06
Gravel —=0.89%%* 0.19 —0.39*
Eigenvalues 5.03 2.13 1.40

% of variance 55.92 23.67 15.57
Cumulative % 55.92 79.60 95.16

*Significant factor loading is boldfaced (***strong>0.75;
**medium 0.50-0.75; *weak 0.50-0.30) (Liu et al., 2003). The
underlined values are statistically significant

components (PCs), accounting for 87.12% of the total
variance (Table 2).

PC1 accounted for 50.81% of the total variance
and showed strong positive loadings for pH, EC, Cu,
and clay fraction. Strong negative loading of PCl
was assigned to the sand fraction. PC2 accounted for
23.90% of the total variance and was strongly related
to the gravel fraction. PC3 accounted for 12.41% of
the total variance and showed a medium positive
loading of Ni and a medium negative loading of the
silt fraction. Strong and medium loadings of Pb, Zn,
and Cu assigned to PC1 suggest the same origin of
these HMs. A similar observation was reported by
Obiri-Nyarko et al. (2021), who found strong positive
correlations among Cu, Pb, and Zn, suggesting that
these elements are highly associated with each other
and may be common constituents of materials depos-
ited in landfills Wieczorek et al. (2018), indicated
that fractions of sand, silt, and clay as well as the con-
tent of Pb and Cd, are the most frequent components
of PC1. This is consistent with our study (except for
Cd, which is an important component of PC2).

The results of the PCA for the Zdounky landfill
revealed three principal components (PCs),
responsible for 95.16% of the total variance (Table 3).

PC1 accounted for 55.92% of the total variance,
which exhibited strong negative loadings for the pH
and gravel fraction. Positive loadings of PC1 were
assigned to EC, Ni, Zn, Cu, silt, and fractions. PC2
accounted for 23.67% of the total variance and had
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a medium positive loading of EC and sand fraction.
A medium negative loading of PC2 was observed
concerning the clay fraction. PC3 had medium
negative loadings of Zn and Cu and accounted for
15.57% of the total variance. The strong and medium
impacts of HMs on PC1 may suggest their similar
sources and properties (Afolagboye et al., 2020).
Zhou et al. (2023), who studied the distribution
of HMs in soils around the Shannan landfill site
in Tibet, also used PCA to identify the sources of
these elements. They found that the cumulative
contribution of all factors was 69.78% and that
PC1 was mostly associated with HMs (Cu, Zn,
Pb, Cr, Ni, and Cd). This strong association can be
attributed to the shared origin of these HMs, which
was related to the specific composition of the waste
present in the landfill site. Specific waste materials,
such as batteries, waste tires, ink, and plastics, likely
contribute to the presence and co-occurrence of these
HMs in the landfill environment.

Health risk

The results of the calculation of the average daily
intake of HMs via soil ingestion, inhalation, and
dermal absorption, obtained for each sampling point
at the Radiowo and Zdounky sites are presented in
Supplementary materials (Tables S9, Table S10,
and Table S11). For the Radiowo landfill, the
average HQ values for ingestion of Ni, Cd, Pb,
Zn, and Cu were 3.08E-04, 4.78E—-03, 1.1E-02,
2.41E—-04, respectively, whereas for inhalation were:
4.53E-08, 7.03E—07, 1.63E—06, 3.54E—08, and
6.11E—-08, respectively, and for dermal absorption
were 3.07E—05, 1.91E-03, 2.92E-04, 9.61E-07,
and 1.66E—06, respectively. This revealed that the
exposure pathways of HMs in the Radiowo area
occurred in the following order: ingestion>dermal
absorption > inhalation (Table S12).

For the Zdounky landfill, the average HQ val-
ues for ingestion of Ni, Cd, Pb, Zn, and Cu were
3.24E-04, 1.37E-04, 3.92E—05, 1.49E-04, and
5.04E—04, respectively, while for inhalation were
4.77E-08, 2.01E—-08, 5.76E—09, 2.15E—08, and
7.42E—-08, respectively; and for dermal absorption
were: 3.23E—05, 5.47E-05, 1.03E—06, 5.84E-07,
and 2.01E—06, respectively. The exposure path-
ways of HMs in the Zdounky area followed the
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Fig. 3 HI values for the (a) 5.00E-02
Radiowo (a) and Zdounky
(b) landfills
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sequence: ingestion>dermal absorption>inhalation
(Table S13).

For both analyzed landfills, the HQ values were
lower than 1, which indicates that no potential negative
effects exist (Wieczorek et al., 2018). The exposure
pathways of HMs vary at different sites. While in
the Zdounky and Radiowo areas, the sequence was
ingestion >dermal absorption >inhalation, Wang
et al. (2020) found that in MSW landfill sites, the
order was inhalation>dermal absorption >ingestion.
By contrast, Wang et al. (2020), Rouhani et al. (2022)
found that inhalation of HMs was almost negligible
compared to other exposure ways. Olagunju et al.
(2020), based on their research performed in the area
of Awotan Landfill in Ibadan (Southwest Nigeria),

ENi mCd mPb

MV-1 MV-2 MV-4 MV-5 MV-6

ENi mCd Pb

Zn mCu

Zn mCu

also found that inhalation of soil does not pose health
hazards due to HMs. Similar to our study, Obiri-
Nyarko et al. (2021) and Zhou et al. (2022) found
that direct ingestion is a major pathway for exposing
humans to HMs at landfill sites.

In terms of HI (Fig. 3), it was found that no adverse
human health effects occur (HI< 1).

Rouhani et al. (2022) also revealed that the HQ
and HI values for all HMs found in soils were lower
than 1, indicating no non-carcinogenic risk from
these elements. In contrast to these findings, Obiri-
Nyarko et al. (2021) reported HI values equal to 1.72,
indicating the presence of health risks associated
with landfills. Although no adverse effects on human
health were observed in the Radiowo and Zdounky
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areas, it is important to highlight the significance of
taking precautions to minimize potential exposure to
soils contaminated by HMs. To reduce health risks,
it is highly recommended to use personal protective
equipment and follow hygienic operation practices
(Thongyuan et al., 2021).

For the Radiowo landfill, it was found that the
average carcinogenic risks related to HMs ingestion
(i.e. ingestion of contaminated food or water) were
as follows: CR=4.49E—-06 for Ni, CR=7.78E-07
for Cd, and 1.41E—07 for Pb. These values indicate
that in terms of Cd and Pb, the carcinogenic risk
from soil to human health is negligible (CR < 1E—06)
(Table S14), whereas in the case of Ni, the risk is

acceptable (1IE-06<CR<1E—04) (Sun & Chen,
2018).

For possible exposure by inhalation (i.e. con-
tact with airborne particles), it was calculated that
CR=3.49E-10 for Ni, CR=1.90E-09 for Cd and
1.02E—10 for Pb. Regarding exposure by dermal
absorption (i.e. contact of contaminated soil through
the skin), it was found for the Radiowo landfill area
that CR=4.48E—07 for Ni, CR=3.11E-09 for Cd
and CR=5.64E—10 for Pb. For the analyzed expo-
sure pathways of digestion and dermal absorption
from landfill soils, it was determined that the carci-
nogenic risk associated with the studied HMs was
negligible. This implies that the levels of exposure

Fig. 4 ILCR for the (a) 1.00E-05 3.50E-06
Radiowo and Zdounky
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to HMs through these pathways have insignificant
potential to cause cancer in individuals. Considering
the lifetime carcinogenic risk to human health in the
Radiowo landfill area, it was revealed that the ILCR
values followed the sequence: ILCR=4.93E—-06 for
Ni>ILCR=7.83E—07 for Cd >ILCR =1.42E—07 for
Pb (Fig. 4a). These values also indicate negligible or
acceptable carcinogenic risks caused by these HMs.

For the Zdounky landfill, the investigation of
carcinogenic risk revealed that for the ingestion
exposure, the average indicators were as follows:
CR=4.72E-06 for Ni, CR=2.23E-08 for Cd,
and CR=4.99E—10 for Pb. In this case, similar to
the Radiowo area, the risk of Ni was found to be
acceptable and negligible for Cd and Pb. For the
calculations performed for inhalation exposure, it was
found that CR =3.67E—10 for Ni, CR=5.44E—-11 for
Cd, and CR=3.63E—13 for Pb. The risk related to
dermal absorption was quantified as: CR=4.72E—-07
for Ni, CR=8.90 E-11 for Cd, and CR=1.99E—-12
for Pb. The carcinogenic risk from the soil of the
Zdounky area was found to be negligible for the
inhalation and dermal absorption exposure paths
(Table S15).

The estimated lifetime carcinogenic risks for the
landfill site were as follows: ILCR=5.19E—-06 for
Ni>ILCR=2.24E-08 for Cd>ILCR=5.01E-10
for Pb (the same pattern was observed in the Radiowo
case) (Fig. 4b).

By analyzing the carcinogenic risk, we aimed to
quantify the likelihood of cancer occurrence and
determine whether the exposure pathways from
landfill soils pose a significant health concern.
The results may be crucial for the management and
remediation of landfill areas and may help in the
implementation of protective measures to reduce
potential health risks in tested landfill sites and other
landfills of the same type.

Conclusions

Through a comparative analysis of pollution patterns,
as well as human health risk assessment, this study
provides valuable insights into the variations in HMs
occurrence, exposure pathways, sources, and potential
risks across different MSW landfill sites. These
findings contribute to the understanding of the site-
specific factors that influence possible contamination

levels and associated hazards. The findings of this
study, supported by an analysis of literature data
from a global perspective, can contribute to the
understanding of the specific challenges posed by
MSW landfills. Comparative analysis provides
insights into the similarities and differences in risk
profiles between two different landfill sites classified
as sanitary landfills. The identification of heavy
Cd pollution in the Radiowo area highlights the
importance of identifying this specific contaminant.
The geostatistical analysis provides new premises for
preliminary site recognition before detailed sampling
campaigns at landfill sites. The assessment of human
health risks, including exposure pathways, Hazard
Quotient (HQ), Hazard Index (HI), and Incremental
Lifetime Cancer Risk (ILCR), provides valuable
information on potential health impacts. The findings
of this study suggest that merely tracking the range
of HMs concentrations may not be sufficient for
comprehensive risk assessment purposes. These
results indicate that elevated concentrations of certain
HMs, such as Cd in the Radiowo area or Cu in the
Zdounky area, do not necessarily signify immediate
adverse health effects. This observation highlights
the importance of conducting a thorough risk
assessment that considers various factors beyond the
concentration levels.
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