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Monte Carlo-based models to
evaluate toxic metal enrichment pathways,
sources, and public health risks in an unplanned
urbanized dumpsite soil
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Improper waste management in municipal dumpsites raises health concerns due to toxic elements (TEs).

This study evaluates the enrichment, sources, and public health risks of TE contamination in an urban

dumpsite in a southeastern city of Bangladesh. Nine TEs were determined spectrophotometrically from

175 representative soil samples of 35 sites. Pollution indices, the Positive Matrix Factorization (PMF)

model, and Monte-Carlo Simulation (MCS) were employed in assessing contamination levels, apportion

sources, and associated public health risks. The results revealed significant topsoil contamination, with

Cd contributing 91% to the overall ecological risk. Three distinct sources contributing to TE

contamination were identified: industrial sources (F1, 15.78%, dominated by Cd), geogenic origins (F2,

40.93%, characterized by Fe, Co, Mn, and Ni), and mixed residential/commercial/traffic sources (F3,

43.30%, with high loadings of Cu, Zn, Pb, and Cr). Health risk assessment (HRA) revealed that children

faced 4.61 times higher non-carcinogenic risk (NCR) and 2.53 times higher carcinogenic risk (CR)

compared to adults. NCRs were primarily driven by Fe and Mn, while Ni, Cd, and Cr were the main

contributors to CRs, exceeding acceptable limits. Using the PMF-HRA method, F2 was identified as

a significant source of both NCR (79.27% in children and 88.69% in adults) and CR (66.18% in children

and 61.63% in adults), with F3 also posing significant risks, particularly for children. These results highlight

the urgent need for comprehensive waste management reforms and targeted remediation strategies at

the studied dumpsite to mitigate TE contamination, safeguard public health, and protect the surrounding

environment, particularly for vulnerable populations and critical infrastructure in the region.
Environmental signicance

Rapid and unplanned urbanization results in the excessive dumping of municipal waste in the studied dumpsite comprising non-biodegradable hazardous
metals. The residents have experienced several health and environmental consequences due to improper waste management in the region. The ecosystems in
the region are at high risk. The agricultural lands are contaminated with heavy metals like Cd affecting the food chain. Due to its proximity to residential areas,
waste incineration impacts human health. Children are at higher risk than adults with ingestion and inhalation exposure pathways. The Monte Carlo method
revealed a 100% probability of total cancer risk for all age groups.
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1. Introduction

Rapid urbanization and industrial expansion in developing
countries, particularly in densely populated areas with limited
infrastructure, have created signicant waste management
challenges, threatening environmental sustainability and
public health.1,2 As cities grow, the volume of waste oen
exceeds the capacity of existing systems, leading to uncontrolled
waste burning, a widespread and hazardous practice in devel-
oping countries like Bangladesh.3,4 This practice releases toxic
elements (TEs) that accumulate in soil and water, causing long-
term ecological damage and adverse health outcomes.5,6 The
lack of adequate waste management infrastructure and regu-
latory enforcement exacerbates the issue, highlighting the
urgent need to understand the scale of contamination and
develop effective strategies to mitigate its impacts.7,8

TEs released from waste burning at dumpsites pose serious
environmental and health risks due to their persistence and
non-degradability.9,10 Incineration and uncontrolled open
burning of municipal solid waste emit TEs (e.g., Pb, Cr, Cd, Ni,
etc.), which accumulate in soil and air, leading to prolonged
contamination.6,11 These TEs do not break down naturally,12

allowing them to persist for decades and continuously expose
populations to harmful effects.13 Prolonged exposure to these
TEs through inhalation, ingestion, and dermal contact signi-
cantly increases the risk of respiratory diseases, neurological
disorders, kidney damage, cardiovascular issues, and various
cancers, with children and pregnant women being particularly
vulnerable due to their heightened sensitivity.14–16 Furthermore,
TE pollution disrupts soil nutrient balance, reduces biodiver-
sity, and impairs ecosystem functions, posing long-term
ecological threats.17,18 To effectively tackle these persistent
environmental and public health challenges, it is crucial to
primarily conduct comprehensive assessments of exposure
levels to TEs, identify the possible sources of these elements,
and evaluate the associated health risks.

Source apportionment is a vital tool for identifying the
origins of pollutants, offering a scientic foundation for tar-
geted emission reduction strategies.19,20 Among the various
quantitative techniques available, receptor models such as the
Chemical Mass Balance (CMB) model, UNMIX model, Principal
Component Analysis/Absolute Principal Component Score
(PCA/APCS) model, and Positive Matrix Factorization (PMF)
model are commonly used. In recent years, the PMF model has
gained widespread recognition due to its ability to quantify the
contributions of potential pollution sources for each data point,
effectively handle uncertainties, and incorporate non-negative
constraints, ensuring practical and interpretable results.21,22

Its reliability and accuracy have been validated in numerous
studies, where it has been successfully applied to identify and
quantify the sources of TEs in soil, establishing it as a robust
analytical tool.23,24 Furthermore, integrating PMF with other
analytical techniques has proven effective in improving overall
source apportionment as this approach improves the differen-
tiation between natural and anthropogenic sources, renes
contribution estimates, and strengthens overall data
170 | Environ. Sci.: Adv., 2026, 5, 169–191
interpretation. For instance, Du et al. (2025)25 combined PMF
with correlation analysis and PCA to distinguish between
natural and anthropogenic sources of heavy metals. Similarly,
El Fadili et al. (2024)26 integrated PMF with PCA and enrichment
factor (EF) analysis to evaluate contamination sources and their
relative impacts, highlighting the advantages of using comple-
mentary methods for more accurate and reliable apportion-
ment results.

Assessing the health risks associated with exposure to TEs
from the soils of dumpsites requires a comprehensive and
realistic approach that accounts for variability and uncertainty
in exposure parameters. Many recent research studies have
relied on conventional models with specic deterministic
parameters for health risk assessment (HRA).27–29 Given the
uncertainties in concentrations and individual differences,
using a point estimation approach with xed parameters to
precisely determine the most hazardous TE for individuals is
challenging, as it could lead to either underestimating or
overestimating the actual risk.30 Overestimated HRAmay lead to
unnecessary resource expenditure on remediation efforts, while
underestimated HRA can result in serious health repercussions
for residents near the dumpsites.31 The Monte Carlo simulation
(MCS) method, a well-established probabilistic health risk
assessment (PHRA) tool, offers precise risk estimation by
accounting for the possibility of TE exposure exceeding guide-
line thresholds while using repeated sampling within proba-
bility distributions to reduce uncertainty and identifying key
elements for controlling potential risks.31,32 By integrating
source apportionment ndings with PHRA through the PMF-
HRA model, specic pollution sources can be directly linked
to their associated health risks, enabling the development of
targeted and scientically informed mitigation strategies.33,34

This integrated approach is critical for addressing the health
and environmental challenges posed by TE contamination from
waste burning, ensuring the protection of public health and the
preservation of ecological systems.

Feni, a rapidly urbanizing city in southeastern Bangladesh
with a population of approximately 234 350 and an annual
growth rate of 3.5%,35 faces signicant waste management
challenges, generating 70–80 tons of waste daily.36 This has led
to improper waste disposal at the city's largest dumpsite,
Dewanganj, where waste has been openly dumped and burned
for over 25 years (Fig. 1a).37 As the primary waste repository for
Feni Municipality, the dumpsite receives a diverse mix of resi-
dential, commercial, healthcare, and industrial waste,
including food scraps, plastics, medical waste, and industrial
by-products.37 Residents have consistently raised concerns
about health and environmental hazards, such as foul odors
and pest infestations, yet local authorities have struggled to
implement effective solutions.36–38 Despite the critical need to
assess TE contamination and its associated public health and
ecological risks, no study has investigated the long-term
pollution and health impacts at Dewanganj, particularly given
its proximity to densely populated areas and decades of
uncontrolled waste accumulation. Therefore, this study was
designed to present the rst comprehensive assessment of TE
contamination at this long-polluted dumpsite, addressing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Uncontrolled waste disposal and open burning activities at Dewanganj dumpsite, Feni, and (b) locations of sampling points within the
study area at the Dewanganj dumpsite.
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a critical research gap through three primary objectives: (1)
evaluating the spatial distribution and contamination levels of
TEs in surface soil samples usingmultiple pollution assessment
indices; (2) identifying potential sources of TE contamination
through clustering, correlation, and PMF models; and (3)
assessing ecological and human health risks associated with TE
exposure using both deterministic and MCS models. The nd-
ings of this study are expected to provide critical insights for
evidence-based policy interventions and the development of
sustainable waste management strategies in Feni.
2. Materials and methods
2.1. Study site and situation of waste management

The study site, the Dewanganj dumpsite, spans approximately
4.28 acres and is situated in the 8th Ward of Feni Municipality
(23°0105400N, 91°2202800E) in southeastern Bangladesh (Fig. 1b).
Feni Municipality, established in 1958, is one of the oldest and
fastest-growing district-level municipalities in the Chittagong
Division, located 161 km south of the country's capital. The
dumpsite is strategically positioned, bordered by the old Dhaka-
Chittagong Highway to the south, the main railway line to the
north, agricultural elds to the east and north, and residential
and commercial zones to the west, southwest, and south. As the
primary waste repository for all 18 wards of Feni Municipality,
the site receives a heterogeneous mix of waste from residential,
commercial, healthcare, industrial, and agricultural sources.37

This includes biodegradable materials such as food scraps and
vegetable peels from households and restaurants, plastic waste
like packaging materials and single-use plastics from
commercial establishments, medical waste from nearby
healthcare facilities, industrial by-products such as metal
© 2026 The Author(s). Published by the Royal Society of Chemistry
scraps and chemical residues, and farming or agricultural
wastes, including crop residues and organic matter from
surrounding farmlands.

The waste management process at the dumpsite follows
a diurnal cycle, with waste collected nocturnally from the city
and deposited at the site in the morning. However, the site
operates without regulatory controls or environmental safe-
guards. Of particular concern is the long-standing practice of
indiscriminate waste dumping and frequent open burning,
which has persisted for over 25 years without protective
measures. These practices release malodorous emissions and
hazardous residues into the environment, while the atmo-
spheric dispersion of y ash, due to the lack of containment
infrastructure, extends contamination beyond the site bound-
aries. The environmental and health impacts are signicant,
with residents reporting respiratory ailments and other health
issues exacerbated by waste combustion. The impact radius
extends up to 4–5 km during the dry season, while the rainy
season intensies odor-related problems. Morning incineration
activities particularly affect vulnerable groups, including
school-going children and the working class. Given its prox-
imity to residential areas, agricultural lands, and critical
transportation infrastructure, the Dewanganj dumpsite repre-
sents a complex environmental and public health challenge.
This makes it a critical focus for scientic research, offering an
opportunity to elucidate themultifaceted impacts of inadequate
waste management and inform the development of effective
remediation strategies.

2.2. Soil sample collection, processing, and acid digestion

Soil samples were gathered in December 2023, during the dry
season, to obtain maximum TE concentrations, as previous
Environ. Sci.: Adv., 2026, 5, 169–191 | 171
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studies have shown that pollution levels are reduced during the
wet season due to heavy rainfall leading to inltration and
surface runoff.39 Based on a reconnaissance survey, a total of
175 soil samples were collected from 35 selected representative
sampling locations, with 9 situated within the dumping site and
26 from the nearby regions, and a GPS device was used to note
the positions of these points. At every sampling location, ve
samples (n= 5× 35= 175) were gathered from a 1m× 1 m area
(depth 0–10 cm), combined thoroughly to make a total of 35
representative composite samples, and then placed in clean zip-
lock plastic bags immediately to protect them from weathering
and contamination.40

Upon arrival at the laboratory, the samples were air-dried
naturally for seven days at room temperature, followed by
oven drying at 110 °C for 24 hours. Non-sediment materials
were removed, and the samples were homogenized, crushed,
and sieved through a 2 mm nylon mesh. The samples were then
stored in airtight zip-lock polythene bags at 4 °C until analysis.41

For acid digestion, about 10 g of the homogenized soil samples
were mixed with a mixture of concentrated nitric acid and
perchloric acid (in a 2 : 1 ratio) in pre-cleaned 250 mL glass
beakers and heated on a hot plate at 100–110 °C under a fume
hood until the residual organic materials decomposed and
evaporated. The process of acid mixture addition and subse-
quent heating was repeated until a transparent solution was
obtained. The samples were then ltered using Whatman-1
qualitative lter paper in beakers, and the ltered solution
was re-heated with the addition of 2 mL concentrated nitric
acid, and transferred to 100 mL calibrated volumetric asks.
The sample beakers were rinsed with deionized water several
times to ensure the complete transfer of sample solutions, and
the nal volume of the samples was made up to 100 mL in the
asks (up to the mark) and stored at 4 °C until elemental
analysis.42,43 A sample blank was also prepared similarly to avoid
contamination.
2.3. Spectrophotometric analysis of samples and quality
control protocols

An atomic absorption spectrophotometer (AAS, Model:
AA240FS, Varian, Australia) was used for the analysis of 9 TEs
viz., Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn in the digested soil
samples due to their environmental persistence, potential
toxicity, and common association with municipal and indus-
trial waste.44,45 These elements were selected based on their
frequent occurrence in previous studies on dumpsite contami-
nation and their known ecological and human health risks.46

During instrumental analysis, the calibration curves for each
element were rst constructed by measuring the working
standard solutions of individual metals of different concentra-
tions prepared from the stock solutions (1000 mg L−1) of the
certied reference materials (CRMs, Fluka Analytical, Sigma-
Aldrich, Germany) diluted with deionized water. The concen-
tration of the TEs in the soil sample solutions was determined
with respect to their respective calibration curves through the
absorbance measurement. To account for metals, present at
elevated concentrations, the soil samples were diluted and
172 | Environ. Sci.: Adv., 2026, 5, 169–191
measured when necessary, thus ensuring the absorption of the
metals in the samples within the respective calibration curve
range. While testing, the reagent blank sample was measured
aer every ve soil samples, and standard and spike samples
were determined aer ten soil samples to ensure consistent
measurement reliability. The analysis of TEs in this study was
carried out at the INARS, BCSIR, Dhaka, Bangladesh. This
laboratory operates according to ISO/IEC 17025:2017 accredi-
tation for testing and calibration laboratories.

Good analytical laboratory practices were ensured while
preparing and analyzing the samples in the laboratory with
calibrated instruments and skilled analysts. To prevent any
potential contamination, strict precautions were maintained
during sample collection, transportation, storage, and labora-
tory analysis. Throughout the entire process, strict quality
control measures were followed including the use of high-
quality deionized water (conductivity <0.5 mS cm−1),
analytical-grade acids, a calibrated digital electrical balance
with 4 signicant gures in weighing, and calibrated glassware.
Instrumental data calculations were based on the average of
three consecutive measurements of the same sample, with
a relative standard deviation (RSD) under 5%. The reliability of
the analytical method was reinforced through spike recovery
tests, which ranged from 90 to 110% (±10% acceptable error) of
the expected values. The precision and accuracy of the analytical
methods were tested with the CRMs as traceable to the NIST,
USA. Further details of the analytical techniques with quality
assurance and quality control schemes can be found in our
previous studies.42,43,47
2.4. Evaluation of TE contamination in dumpsite soil

To comprehensively assess TE contamination in Dewanganj
dumpsite soil (DSS), six key indicators were employed: the
Coefficient of Variation (CV), geoaccumulation index (Igeo),
Enrichment Factor (EF), Contamination Factor (CF), modied
degree of contamination (mCd), Pollution Load Index (PLI), and
Nemerow Integrated Pollution Index (NIPI). These indicators
provide different viewpoints on soil pollution, enabling
a comprehensive assessment of both specic metal concentra-
tions and the overall degree of contamination at dumpsites. The
classication criteria for these indices are presented in SI Table
S1. The CV is a key indicator of TE pollution patterns with
higher CV values indicating greater heterogeneity, oen sug-
gesting inuences of external factors, while lower values suggest
a homogeneous distribution, generally indicative of geogenic
origins.24,48

The CF, Igeo, and EF were applied in a complementary
manner to evaluate element-specic contamination levels and
potential anthropogenic inuences, collectively strengthening
the robustness of contamination assessment by capturing
magnitude, severity, and source characteristics.42,49,50 Although
all three indices rely on background concentrations, each
provides a distinct perspective. The CF offers a straightforward,
linear measure of contamination magnitude relative to baseline
values,51 while Igeo employs a logarithmic scaling with a correc-
tion factor to minimize natural geochemical variability, thereby
© 2026 The Author(s). Published by the Royal Society of Chemistry
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classifying contamination into standardized severity categories.52

The EF, by normalizing target element concentrations against
a conservative reference element, helps to differentiate natural
lithogenic contributions from anthropogenic enrichment.53

Numerous studies have indicated that EF values below 2 are
typically associated with natural metal sources, while values
exceeding 2 suggest anthropogenic pollution.16,54 Fe has been
extensively used in soil contamination studies as the reference
element for EF calculation due to its association with ne solid
surfaces, similar geochemistry to many trace metals, and uniform
natural concentration, which led to the selection of Fe in this study
to ensure the reliable distinctions between natural and anthro-
pogenic contributions to toxic element contamination.55–57 The
mCd, PLI, and NIPI offer broader perspectives on overall site
contamination, considering the combined effects of multiple
pollutants.58–60 By employing this varied range of metrics, it was
possible to gain a detailed insight into the patterns and extent of
TE pollution in DSS.61 This approach facilitates more accurate
environmental risk evaluations and aids in creating focused
remediation plans for contaminated areas.
2.5. TE source analysis with clustering, correlation, and PMF
models

Source apportionment, the process of determining and quan-
tifying the possible origins of contaminants, is crucial in waste
dumpsites to determine the primary contributors to TE
contamination.62,63 This knowledge facilitates the formulation
of tailored intervention strategies and informs policy determi-
nations aimed at lessening the detrimental impacts on human
wellbeing and natural environments.64,65 Multivariate statistical
techniques renowned for their ability to analyze complex data-
sets, such as Hierarchical Cluster Analysis (HCA), Pearson's
Correlation Matrix (PCM), and Positive Matrix Factorization
(PMF) model, were utilized to unravel the most likely origins of
TE contamination within the dumping site. HCA can effectively
help in identifying possible sources of TEs by grouping samples
with similar concentrations.66 By examining a resulting
dendrogram, inferences on potential contamination sources
can be made based on the clustering patterns.67 This analytical
approach offers a visual and structured framework for eluci-
dating the distribution patterns and source attribution of TEs.
Extant scholarly literature suggests that correlation analysis can
offer valuable insights into the potential co-existence and
interrelationships within numerous TE pollutants existing in
soil samples collected from waste disposal sites.68,69 Conse-
quently, PCM was employed to determine if the metal concen-
trations in the sediments were interrelated under the
determined factors of PMF.70

However, it is well-documented that while correlation anal-
ysis can provide an initial indication of contamination sources,
it does not inherently imply a causal relationship.71,72 Therefore,
the PMFmodel was employed to achieve a more comprehensive
understanding of how many different sources contributed to
the studied TEs in the DSS. This USEPA-endorsed model73

employs a multivariate factor analysis technique that breaks
down the original dataset into two distinct matrices: a factor
© 2026 The Author(s). Published by the Royal Society of Chemistry
contribution matrix (Gik) and a factor distribution matrix (Fkj),
along with a residual error matrix (Eij), while maintaining a non-
negative constraint.74,75 By incorporating details on metal
concentrations in samples and the associated levels of uncer-
tainty, the PMF model produces outputs that determine the TE
contamination sources. Assuming the concentration of TEs is
a linear combination of contributions from various sources, the
PMF model determines the relative contributions of these
sources by analyzing the chemical mass balance expres-
sions.75,76 The foundational concentration data matrix can be
derived using eqn (1). In this matrix, Xij denotes the concen-
tration of the j-th TE at the i-th sampling location, Gik represents
the inuence of the k-th source on the i-th sample, and Fkj
indicates the concentration of the j-th element from the k-th
source.

Xij ¼
Xp

k¼1

GikFkj þ Eij (1)

The matrix of residual errors Eij (eqn (2)) is derived by opti-
mizing the objective function Q. In this case, Uij signies the
uncertainty related to the concentration of the j-th TE in the i-th
specimen. This value is derived from the species-targeted
method detection limit (MDL), the actual concentration
measured, and the associated error fraction. The model's
goodness of t is assessed using Q and the optimal number of
factors was identied by achieving a stable and minimal Q
value.77

Q ¼
Xn

i¼1

Xm
j¼1

�
Eij

Uij

�2
(2)

The degree of uncertainty can be determined utilizing eqn
(3), in which C denotes the pollutant concentration and s

represents the percentage of measurement uncertainty.75,78

Uij ¼
8<
:

0:83�MDL; when C#MDLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s� C�2 þ ½0:5�MDL�2

q
; when C.MDL

(3)

PMF graphs, illustrating both the concentrations and
percentages of TEs, provide essential insights into source
apportionment.79 An r2 value greater than 0.6 is generally
considered indicative of a strong predictive model. When the r2

value falls below this threshold, the associated TEs are classied
as “weak”, signifying a higher uncertainty level in the model's
result.16,80 The presence of outliers can notably skew the
analytical outcomes of the PMF model.77 To address this issue,
it is crucial to identify and remove outliers using methods such
as histograms or interquartile range box plots before applying
the model.81 In this research, PMF analysis was executed
following the systematic removal of outliers from the dataset.
2.6. Ecological risk assessment in the dumpsite area

The ecological risk assessment utilizes the approach initially
proposed by Hakanson (1980)50 and later revised by Xu et al.
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(2008).82 This method evaluates both individual (Ei) and
combined ecological risks (ERI) posed by TEs in the dumpsite
(eqn (4)). The ERI incorporates toxic-response factors for each
TE, endorsing a nuanced ecological sensitivity estimation
against different contaminants.83 Through this approach, it is
possible to deliver an extensive view of the total ecological risk
arising from TE contamination in the study area.39 The assess-
ment categorizes both individual metal risks and combined
risks into different levels of ecological concern, ranging from
low to very high risk.6,49,84 This classication system enables
a clear interpretation of the potential ecological impacts and
aids in prioritizing remediation efforts. By employing these
ecological risk assessment methods, it is possible to gain
a valuable understanding of the potential long-term environ-
mental consequences of TE contamination at waste disposal
sites.85,86 This information can be crucial for developing effec-
tive environmental management strategies and guiding deci-
sions on on-site remediation and ecosystem protection.87,88

ERI ¼
X

Ei ¼
X�

Ti � Ci

Bi

�
(4)

The calculated Ei and ERI values were classied into risk
categories to interpret the severity of potential ecological
repercussions.6,49,84 The detailed evaluation categories for the
individual and total ecological risks are tabulated in SI Table S1.
2.7. Calculation-based health risk assessment

The human health risk assessment (HRA) follows a USEPA-
endorsed model for evaluating both non-carcinogenic risk
(NCR) and carcinogenic risk (CR).89,90 This approach considers
three primary exposure pathways: direct soil ingestion, inhala-
tion of airborne particulates, and dermal absorption. Average
Daily Doses (ADDs) are computed for various pathways and
population groups, including landll workers and nearby resi-
dents, using eqn (5)–(7), with parameters detailed in SI Table
S2.91 NCR is evaluated using the hazard quotient (HQ) approach
(eqn (8)), which compares exposure levels to reference doses
(RfD) for each TE and exposure route,92 as tabulated in Table S3.
The hazard index (HI) is calculated using eqn (9) to assess
cumulative NCRs from multiple exposure pathways and TEs.16

TEs identied as carcinogenic, such as As, Cd, Pb, Ni, and Cr,
are evaluated for CR.93 The cancer risk (CRI) and incremental
lifetime cancer risk (ILCR) are calculated using pre-dened
standard cancer slope factors (CSFs) (Table S3) for each expo-
sure pathway using eqn (10) and (11), respectively.94,95 Eventu-
ally, total carcinogenic risk (TCR) is calculated using eqn (12)
which indicates the ultimate CR at the site. Using these risk
assessment methods, it is possible to gain crucial insights into
potential health impacts on different population groups,
enabling informed decision-making for safeguarding public
health and managing sites effectively.96,97

ADDing½mg per kg per day� ¼ TEC� IGR� EF� ED

ABW�AT
� 10�6

(5)
174 | Environ. Sci.: Adv., 2026, 5, 169–191
ADDinh½mg per kg per day� ¼ TEC� INR� EF� ED

ABW�AT� PEF
(6)

ADDder½mg per kg per day� ¼

TEC� ESA� SAF�ABS� EF� ED

ABW�AT
� 10�6 (7)

HQing=der=inh ¼
ADDing=der=inh

RfDing=der=inh

(8)

HI = HQing + HQder + HQinh (9)

CRIing/der/inh = ADDing/der/inh × CSFing/der/inh (10)

ILCR = CRIing + CRIder + CRIinh (11)

TCR =
P

ILCRi (12)
2.8. Monte Carlo simulation-based probabilistic health risk
appraisal

The Monte Carlo simulation (MCS) approach was utilized to
conduct a probabilistic risk assessment, which was specically
chosen to address the limitations of using deterministic parame-
ters, which can lead to either overestimating or underestimating
health risks.98 This approach allows for a more comprehensive
evaluation of health risks by considering the uncertainties in TE
concentrations and the variability of key exposure factors. These
factors include how oen and for how long exposure occurs, the
rates of soil ingestion and inhalation, the area of skin exposed, and
the average weight of individuals. A lognormal distribution was
employed to model the TE concentration data. For the exposure
factors, themost suitable probability distributions were selected by
referring to previous studies in the eld (Table S2). In this meth-
odology, statistical random variables were generated from point
inputs, and numerous iterations of HQ, HI, ILCR, and TCR
calculations were performed. Each iteration utilized different
randomly generated inputs, producing a distribution of risk values
rather than a single estimate. The study employed a large number
of simulations, specically ten thousand iterations, to enhance the
reliability of the ndings at a 95% condence interval. Following
this, a sensitivity analysis was conducted to determine how
different input parameters affected the results for both HI and
TCR. The ndings from this analysis were integrated into risk
assessment.99 Additionally, recent advancements led to the crea-
tion of the PMF-HRA model, which integrates results from MCS-
based HRA and PMF models.33,100 This model quanties the
impact of different sources on overall health risks. To achieve this,
the health risks linked to each TE were adjusted according to the
contribution rates of the identied sources, allowing for the
assessment of health risks attributed to various sources.

2.9. Data analysis and statistical methods

Various statistical analyses were performed using SPSS v26.0,
including descriptive statistics, PCM, and HCA. EPA PMF v5.0
was utilized to implement the PMF model for source
© 2026 The Author(s). Published by the Royal Society of Chemistry
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apportionment of contaminants. Inverse distance weighted
(IDW) interpolation was employed to map the spatial distribu-
tion of TEs within the dumpsite, aiding in source identication
and corroborating PMF results.88,101 MCS was conducted using
Crystal Ball v11.1.3.0 soware to enhance risk assessment
accuracy. Initial data visualization was done in Microso Excel
and Origin v9.0, with nal renements made in Microso
PowerPoint. Fig. 2 presents a comprehensive overview of the
study's methodological approach.

3. Results and discussion
3.1. Distribution and contamination of TEs in dumpsite soil

The analysis of nine TEs in soil samples from the landll site
revealed complex spatial distribution patterns and varying
concentration levels (Fig. 3). Table 1 and 2 present the respec-
tive average concentrations, standard deviations, CVs, ranges,
and contamination indices of the studied TEs. While some
metals showed minimal contamination despite high concen-
trations, others exhibited moderate to severe contamination
levels.

The abundance of the TEs in the soil samples was observed
to follow the order of Fe > Mn > Zn > Cu > Pb > Cr > Ni > Co > Cd.
Fe exhibited the highest average concentration (10 331.2 mg
kg−1) with a wide range (980.1–16 114.1 mg kg−1). The spatial
distribution map for Fe demonstrated relatively uniform
contamination with higher concentrations in the central and
northern zones. However, its Igeo of −2.78 and CF of 0.22 sug-
gested minimal contamination relative to the background
value. Mn and Zn followed with average concentrations of
370.2 mg kg−1 and 253.1 mg kg−1, respectively. The geographic
Fig. 2 Methodological flow chart of the current study.

© 2026 The Author(s). Published by the Royal Society of Chemistry
distribution of manganese revealed elevated levels in the north
and central areas. Concentrations in these regions reached as
high as 1357.7 mg kg−1, substantially exceeding the established
background level of 850.0 mg kg−1. Despite this, its Igeo (−1.78)
and CF (0.44) indicated low contamination. Zn showed elevated
levels in the central and southeastern zones, with concentra-
tions up to 669.5 mg kg−1, signicantly exceeding the back-
ground value of 95.0 mg kg−1. This was reected in its Igeo (0.83)
and CF (2.66), indicating moderate contamination. Cu di-
splayed a notable average concentration of 193.1 mg kg−1,
ranging from 7.30 to 639.0 mg kg−1. Major hotspots were
observed in the central and southeastern areas, signicantly
exceeding the background value of 45.0 mg kg−1. This was
corroborated by its Igeo (1.52) and CF (4.29), suggesting
moderate to considerable contamination. Pb exhibited an
average concentration of 51.53 mg kg−1, ranging from 9.15 to
134.0 mg kg−1. Its spatial map showed notable areas of high
concentration in the southeast and central regions, with levels
reaching as high as 134.0 mg kg−1, signicantly exceeding the
typical baseline of 20.0 mg kg−1. This elevated presence was
corroborated by the Igeo of 0.78 and CF of 2.58, suggesting
a moderate level of environmental pollution.

Cr demonstrated an average concentration of 29.08 mg kg−1,
ranging from 8.87 to 69.80 mg kg−1. Its spatial map exhibited
elevated levels predominantly in the southern and central
zones. However, its Igeo (−2.21) and CF (0.32) suggested
minimal contamination. Ni, Co, and Cd exhibited the lowest
average concentrations. Ni (average 23.29 mg kg−1) showed
elevated levels in the central and southwestern parts, while Co
displayed high concentration areas in the eastern and
Environ. Sci.: Adv., 2026, 5, 169–191 | 175
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Fig. 3 Spatial distribution of TE concentrations within the dumpsite.

Table 1 Descriptive statistics and background values of TEs in the
dumpsite soila

TEs Average Range SD CV (%) BGV

Cd 4.21 0.01–30.50 7.57 179.8% 0.30
Co 6.28 0.73–26.50 4.97 79.18% 19.0
Cr 29.08 8.87–69.80 15.31 52.64% 90.0
Cu 193.1 7.30–639.0 186.4 96.53% 45.0
Fe 10 331.2 980.1–16 114.1 4600.6 44.53% 47 200
Mn 370.2 169.0–1357.7 209.9 56.71% 850.0
Ni 23.29 10.10–58.60 10.32 44.31% 68.0
Pb 51.53 9.15–134.0 33.47 64.95% 20.0
Zn 253.1 48.90–669.5 156.7 61.90% 95.0

a Concentrations of all TEs are given in mg kg−1, SD = Standard
Deviation, CV = Coefficient of Variation, BGV = Background Value.

Table 2 Contamination indices of TEs in the dumpsite soila

TEs

Element specic
contamination indices

Overall site contamination
indices

Igeo EF CF mCd PLI NIPI

Cd 3.23 64.14 14.04 2.80 1.04 10.12
Co −2.18 1.51 0.33
Cr −2.21 1.48 0.32
Cu 1.52 19.60 4.29
Fe −2.78 1.00 0.22
Mn −1.78 1.99 0.44
Ni −2.13 1.56 0.34
Pb 0.78 11.77 2.58
Zn 0.83 12.17 2.66

a Igeo = Geoaccumulation Index, EF = Enrichment Factor, CF =
Contamination Factor, mCd = Modied Degree of Contamination, PLI
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southwestern zones. Both Ni and Co had negative Igeo values
and CF values less than 1, indicating minimal contamination.
Notably, Cd, despite its low average concentration (4.21 mg
kg−1), showed several hotspots in the northeastern and central
zones, with concentrations reaching up to 30.49 mg kg−1,
signicantly above the background value of 0.30 mg kg−1. This
was reected in its exceptionally high Igeo (3.23), EF (64.14), and
CF (14.04), indicating severe contamination and anthropogenic
impact. The combined application of CF, Igeo, and EF ensured
a robust evaluation of soil contamination. While CF quantied
contamination intensity, Igeo provided standardized severity
classes, and EF distinguished anthropogenic from geogenic
inputs. Together, they avoidedmisinterpretation and conrmed
Cd as the dominant pollutant, with Cu, Pb, and Zn showing
176 | Environ. Sci.: Adv., 2026, 5, 169–191
anthropogenic enrichment, and Fe, Mn, Ni, Co, and Cr
remaining largely geogenic.

Overall site contamination was evaluated using multiple
indices to ensure a comprehensive assessment. PLI yielded
a value of 1.04, indicating slight contamination at the site. In
contrast, NIPI produced a much higher value of 10.12, sug-
gesting severe soil contamination. This discrepancy is attrib-
utable to the heightened sensitivity of NIPI to the most critical
pollutant—in this case, Cd.102 When all analyzed metals were
considered collectively, an mCd of 2.80 indicated moderate
contamination. The results from EF analysis further supported
these observations, with Cd exhibiting extreme enrichment (EF
= Pollution Load Index, NIPI = Nemerow Integrated Pollution Index.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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> 40), while Cu (19.60), Pb (11.77), and Zn (12.17) showed
considerable enrichment, reecting substantial anthropogenic
inputs. The remaining trace elements displayed minimal
enrichment, with EF values approximating 1.5, consistent with
natural background contributions. The divergence between PLI
(1.04) and NIPI (10.12) can be explained by their differing
formulations: PLI, being a geometric mean, dampens variability
across elements and underestimates the inuence of a domi-
nant pollutant, whereas NIPI, by emphasizing the maximum
contamination factor, accentuates the role of the most critical
element. In this case, Cd's disproportionately high contamina-
tion elevated the NIPI value, aligning with its dominance across
CF, Igeo, EF, and ecological risk indices. Therefore, while PLI
reected slight overall contamination, NIPI more accurately
captured the severity driven by Cd as the critical pollutant.

The heterogeneity of TE distribution using CV revealed
moderate variation (10%# CV < 100%) for most TEs, including
Ni (44.31%), Fe (44.53%), Cr (52.64%), Mn (56.71%), Zn (61.90),
Pb (64.95%), Co (79.18%), and Cu (96.53%). Cd exhibited a CV
of 179.75%, indicating strong variation and signicant spatial
heterogeneity, reinforcing its severe contamination status.
3.2. Source apportionment of TEs in the dumpsite soil

The source apportionment results and factor contribution
percentages from the PMF model for TEs in the samples
analyzed are illustrated in SI Fig. S2 and 4a, respectively. The
model output indicated that three factors were optimal for
explaining the data variability. The residual values for most soil
samples fell within the range of −3 to 3, suggesting a good
model t. The coefficient of determination (r2) between pre-
dicted and observed values demonstrated strong correlations
among the investigatedmetals, with Pb exhibiting the highest r2

value of 0.998 and Mn showing the lowest. The PMF model
results revealed signicant variations in both concentrations
and percentages of TEs across the three identied factors:
Factor 1 (F1) was dominated by Cd, Factor 2 (F2) was charac-
terized by Fe with notable contributions from Co, Mn, and Ni,
Fig. 4 Source apportionment of TEs in dumpsite soils: (a) factor profiles
illustration between TEs using PCM combined with the PMF model.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and Factor 3 (F3) showed high loadings of Cu, Zn, Pb, and Cr.
HCA exhibited an identical trend of grouping, with three main
clusters, depicted in the dendrogram (Fig. S1). The elements Co,
Cr, Fe, Mn, and Ni were organized into one cluster, whereas Cu,
Pb, and Zn were placed into a different cluster, and Cd was
categorized into a separate cluster. PCM further claried the
relationships among the TEs, offering insights into the factor-
based grouping patterns (Fig. 4b).

The TE pollution sources demonstrated complexity, as evi-
denced by the observed variations between metal concentra-
tions and their percentage contributions. For instance, Cd,
despite its low concentration, accounted for over 80% of F1,
whereas Fe, with a considerably higher concentration, consti-
tuted less than 5% (Fig. S2). This trend was consistently noted
across various factors for other metals as well. The inuence of
a metal within a factor depends not only on its concentration
but also on its relative proportion within that factor.80 Although
higher concentrations oen result in larger contributions, the
dening characteristic of a factor is typically its proportional
representation. The PMF model, which provided graphical
representations of both concentrations and percentages of TEs,
has offered valuable insights into source apportionment. High
positive correlations between key elements are generally regar-
ded as indicators of simultaneous release and a shared origin
for these metals.68 That's why PCM was employed to evaluate if
the TE concentrations in the DSS were correlated based on the
factors determined by PMF.70

F1 accounted for 15.78% of the total TE contribution and had
a signicant loading of Cd (82.26), posing a severe threat to the
soil ecosystem, as conrmed by pollution indices (Table 2) and
ecological indices (Table S4). Despite its low average concen-
tration (4.21 mg kg−1), Cd was 14 times higher than the back-
ground value (0.30 mg kg−1), with the CF (14.04), Igeo (3.23), and
EF (64.14) indicating extreme contamination. Its high CV
(179.75%) reected strong spatial variability, with hotspots in
the northeastern and central zones, reaching 30.49 mg kg−1.
While other sources may contribute to the overall Cd pollution,
the characteristics of F1 and the local industrial prole strongly
of TEs in soils of the dumpsite from the PMF model, and (b) correlation

Environ. Sci.: Adv., 2026, 5, 169–191 | 177
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support industrial waste incineration as the primary origin of
the observed Cd pollution in the DSS. The presence of various
industries, including textile, metal, paper and packaging, food,
and manure production, provides strong evidence for this
conclusion. Cd is widely used in industrial applications such as
dyes in textiles,103 slags from metal industries,104 residues of
fertilizer production,105 and inks and pigments in paper and
packaging,106 all of which might have contributed to its accu-
mulation in waste streams, with burning potentially releasing
Cd into the DSS. Previous studies have also reported signicant
Cd enrichment near waste sites, reinforcing industrial activities
as a key source of Cd pollution in the study area.63,107

F2 was responsible for 40.93% of the total contribution and
was characterized by signicant loadings of Fe (95.57%), Co
(68.54%), Mn (60.85%), and Ni (60.52%). PCA revealed
moderate to strong correlations among these metals (e.g., Ni–
Co: r = 0.65; Fe–Ni: r = 0.49), suggesting a common source or
similar environmental behavior, also supported by geochemical
and ecological indices. Fe had the highest concentration among
the TEs, but it was still signicantly below the background
value, indicating that Fe is not a major contaminant and
presumably represents natural geological changes. However, its
elevated concentrations in the northern study area suggest
localized inputs, possibly from industrial activities. While Co,
Mn, and Ni exhibited lower contamination indices, Co's high
variability (79.18%) and concentration hotspots in the central
and southwestern regions point to localized anthropogenic
inuence. Previous studies have identied these elements as
major components of the Earth's crust as well, indicating that
their presence is largely attributed to geological weathering.24,108

Thus, although F2 is largely geogenic, external factors might
have contributed to localized pollution.

F3, accounting for 43.30% of the total contribution, exhibited
high loadings of Cu (85.60%), Zn (79.50%), Pb (75.17%), and Cr
(63.02%), collectively posing a moderate risk to the DSS system.
PCM analysis revealed strong correlations among these metals,
including Cr–Zn (r = 0.81), Cu–Zn (r = 0.67), Cr–Pb (r = 0.71),
and Pb–Zn (r = 0.77), suggesting a shared source. HCA grouped
Cu, Zn, and Pb in one cluster, with Cr forming a separate group.
High EF values for Cu (19.60), Cr (1.48), Pb (11.77), and Zn
(12.17) indicated signicant anthropogenic inuence, with
their average concentrations exceeding background levels by
factors of 4.29, 1.48, 2.58, and 2.66, respectively, predominantly
due to land-based waste processing. Wastes from households,
local bazaars, shops and restaurants, regularly dumped at the
Dewanganj dumpsite,37 likely played a signicant role in overall
TE contamination and might have been major contributors to
F3 by introducing various contaminants. Organic waste, such as
vegetable and fruit scraps, might have introduced Pb from
contaminated soil and pesticide residues,109while sh andmeat
market waste might have contributed Pb through processing
chemicals.110 Discarded cans, plastics, papers, and broken
glasses further introduce Pb and Cr due to manufacturing
processes, inks, and coatings.111–115 Electronic waste, particu-
larly from discarded batteries, is a major source of Pb, Ni, and
Cr.116,117 Cu contamination, in particular, could have been
attributed to electronics and electrical goods shops, which
178 | Environ. Sci.: Adv., 2026, 5, 169–191
extensively use copper in wiring and components.118 Further-
more, discarded clothing, garment, and fabric waste might have
contributed Cu, Zn, Pb, and Cr due to the presence of metal-
based dyes, fabric treatments, and synthetic coatings.119–121

Additionally, waste from numerous local healthcare facilities
and medical shops, including expired pharmaceuticals, blister
packs, and discarded medical equipment, might have contrib-
uted Pb, Cu, and Zn due to the presence of metallic coatings,
liquids, and certain drug formulations.122–124

While residential and market wastes appear to be the
dominant contributors to F3, the factor likely reects a mix of
anthropogenic sources. As a rapidly developing city, Feni
generates substantial construction waste, which is disposed of
in dumpsites, potentially contributing to F3 through the release
of Cu from electrical wiring and plumbing, Pb from lead-based
paints, pipes, and ceramics, and Zn from galvanized steel and
roong materials.125–128 Additionally, vehicular emissions from
the highway in the southern part of the study area likely played
a signicant role in F3. The strong correlation between Pb and
Zn (r = 0.77) further supports this, as both metals are well-
documented markers of traffic-related pollution.129 Pb, histori-
cally used in gasoline as an anti-knocking agent, persists in soils
despite its phase-out in many countries, while Zn is commonly
released through tire wear and the corrosion of galvanized
vehicle components.130–132 Vehicle exhaust, brake wear, and the
breakdown of lead–acid batteries also contribute to Pb deposi-
tion in adjacent soils, while Zn is predominantly introduced
through tire abrasion and road runoff.20,133

Notably, Cr exhibited signicant contributions across
multiple factors, suggesting complex sources or environmental
behaviors, but was grouped into F3 due to its high correlation
with Pb, Zn, and Cu. Although Cd was primarily associated with
F1, it also showed a strong association with Mn (r = 0.72) and
moderate associations with Pb (r = 0.43) and Zn (r = 0.45). In
PMF, the variations between concentration and percentage
contribution in certain instances underscored the intricate
nature of TE pollution sources. For example, although Cd had
a low concentration, it represented over 80% of F1, whereas Fe,
despite its higher concentration, comprised less than 5%
(Fig. 4a). This pattern was consistently observed across different
factors for other metals as well. The impact of a metal on
a factor is inuenced not just by its concentration but also by its
relative proportion within that factor. Therefore, while higher
concentrations oen lead to larger contributions, the dening
feature of a factor is generally its proportional representation.
3.3. TE induced risk evaluation at the dumpsite

3.3.1. Ecological risk assessment. The ecological risk
assessment of the TEs in the DSS revealed substantial concerns,
as detailed in SI Table S4. The overall ecological risk (ERI) for
the target TEs was 460.94, classifying the DSS as exhibiting
a considerable ecological risk. Cd was identied as the primary
contributor to ecological risk, comprising 91.36% of the ERI,
with an Ei of 421.14, classifying it as posing a very high
ecological risk at the studied site. Such dominance of Cd has
been previously reported in other studies also, such as in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Enugu, Nigeria, where 91% of the ecological risk in a municipal
DSS was attributed to Cd,134 and in China, where Cd contributed
80% of the potential ecological risk in DSS impacted by indus-
trialization and urbanization.135 Another study revealed Cd to be
posing the highest ecological risk among all the studied TEs
and contributing more than 76% of the total ecological risk in
an open solid waste dumpsite situated in central Thailand.95

Conversely, a study in Uyo, Nigeria, revealed very low human
health risk despite high ecological risk from Cd contamination
in solid waste DSS.39

Cd is increasingly acknowledged as a signicant environ-
mental threat due to its harmful impacts on soil integrity, bio-
logical activities, plant physiology, and the health of humans
and animals.136 The EPA (Environmental Protection Agency) has
identied this TE among the 126 priority pollutants, classifying
it as a contaminant of concern.137 It is highly bio-persistent,
exhibiting toxicological effects and remaining in organisms
for many years aer consumption.138 Soil is considered harmful
when it contains more than 8 mg kg−1 of Cd,139 and plants
cultivated in soils that contain elevated Cd levels have been
extensively documented to experience severe metabolic irregu-
larities and oxidative stress.140–144 Such stress disrupts crucial
physiological processes, leading to morphological aberrations
and compromised plant health.145 These disruptions include
impaired photosynthesis, nutrient imbalance, and inhibited
growth, which collectively undermine plant productivity and
biodiversity.146 In addition, Cd-induced oxidative stress can
cause cellular damage due to the development of reactive
oxygen species (ROS), further exacerbating plant health deteri-
oration.147,148 These physiological and morphological effects on
plant life can trigger a series of changes throughout the
ecosystem, inuencing soil quality, microbial activity, and the
well-being of herbivores and other higher trophic levels that rely
on these plants.146,149,150 Therefore, the pronounced ecological
risk posed by Cd necessitates urgent and robust remediation
strategies to mitigate its adverse effects on the ecosystem,
ensuring the preservation of biodiversity and ecosystem func-
tionality. Conversely, the Ei values for Cu (21.45), Cr (0.64), Mn
(0.44), Ni (1.71), Pb (12.88), and Zn (2.66) were relatively low,
indicating low ecological risks at the studied dumpsite.

3.3.2. Exposure scenario of the TEs. A consistent hierarchy
of exposure scenarios was observed across the three pathways,
with the average daily dose (ADD) of TEs in DSSs indicating
potential exposure risks for 2 age groups (children and adults)
(Table S5). Fe was found to be the most predominant contam-
inant among the nine TEs examined in terms of exhibiting the
highest ADD values across all exposure pathways. For children,
the highest ADD values were observed for Fe, with an ADDing of
9.43× 10−2 mg per kg per day, reecting the signicant amount
of iron present in the soil. Following Fe, Mn had an ADDing of
3.38 × 10−3 mg per kg per day, and Zn presented an ADDing of
2.31 × 10−3 mg per kg per day. For adults, Fe also exhibited the
highest ADDing value at 1.01 × 10−2 mg per kg per day, followed
by Mn (3.62 × 10−4 mg per kg per day) and Zn (2.48 × 10−4 mg
per kg per day). Comparatively, Cd, despite its high toxicity,
presented lower ADD values for both children (3.85 × 10−5 mg
per kg per day) and adults (4.12 × 10−6 mg per kg per day) due
© 2026 The Author(s). Published by the Royal Society of Chemistry
to its lower concentration in the soil. However, the toxicity of Cd
necessitates attention even at these lower doses.

The ingestion pathway consistently showed higher exposure
compared to dermal and inhalation pathways, emphasizing
that soil ingestion is the primary exposure route for these
populations. The ADDing values were typically found to exceed
ADDinh and ADDder by several orders of magnitude. As an
illustrative example, Pb in children exhibited ADDing, ADDinh,
and ADDder values of 4.71 × 10−4, 1.32 × 10−6, and 1.79 ×

10−8 mg per kg per day respectively. This pattern was consis-
tently observed across all metals and age groups, with children
demonstrating higher exposure levels compared to adults. In
prior studies assessing health risks associated with TEs in soil,
ingestion has been consistently recognized as the most
dangerous exposure route for children, with dermal absorption
and inhalation being secondary concerns.95,151–154 Children
oen engage in outdoor play both at school and at home, along
with crawling activities, which heighten their exposure to TEs
via dermal contact.155 Frequent hand-to-mouth actions further
increase the risk of ingestion.156,157 Given that children's average
height is around 70–80 cm above ground, they are particularly
susceptible to inhalation exposure, especially during dry
seasons. However, inhalation exposure of re-suspended soil
particles through the nose andmouth was found to be a bit less,
ranging from 10−4 to 10−5 times lower than ingestion. On
average, an adult breathes approximately 20 m3 of air per day
(0.014 m3 min−1), which may increase during vigorous activi-
ties.158 This air can contain TEs from the dumpsite, entering the
body through inhalation. Furthermore, adults might also be
exposed to TEs due to insufficient hand washing before eating
aer daily activities.159

3.3.3. Probabilistic human health risk assessment. Table 3
presents the NCRs and CRs for children and adults from TE
exposure, assessed via MCS across three exposure pathways.
The NCR, measured by using HQ values, reected the patterns
of ADD. HI values for both groups followed the order Fe > Mn >
Pb > Cr > Cu > Cd > Ni > Zn > Co. For children, HQ values were
below 1 for most metals across all pathways, except for Fe in
inhalation (HQ = 1.20) (Fig. 5). Inhalation was the primary risk
contributor for both children (67.26% of total HI) and adults
(78.36%), with Fe being the most signicant contributor to
adult HI (52.13%). Children showed a signicant NCR (HI =
2.81), while adults had a lower risk (HI = 0.61). Notably, chil-
dren's risk was substantially higher across all pathways: 9.34
times greater through ingestion, 2.33 times greater through
dermal contact, and 1.54 times greater through inhalation
(Table S6).

CR estimations were conducted only for Cd, Cr, Ni, and Pb
due to their high toxicity levels and the availability of cancer
slope factor (CSF) values.16,160 The cumulative distribution
functions (CDF) from MCS provided a nuanced understanding
of risk occurrence and probabilities. The results revealed that
the mean total cancer risk (TCR) for children was 4.99 × 10−5,
while for adults, it was 2.46 × 10−5, both exceeding the lower
limit of the acceptable CR range (Fig. 5k and S3). For adults, the
5th and 95th percentile TCR values, 1.19 × 10−5 and 4.34 ×

10−5 respectively, were within the acceptable CR range.
Environ. Sci.: Adv., 2026, 5, 169–191 | 179
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Table 3 Probabilistic non-carcinogenic and carcinogenic health risks of each individual and combined TEs in the dumpsite soils for children and
adults according to Monte Carlo simulationsa

Risk TEs

Children Adult

Mean SD Interpretation Mean SD Interpretation

HQ Cd 4.32 × 10−2 7.69 × 10−2 No NCR 5.04 × 10−3 8.50 × 10−3 No NCR
Co 3.03 × 10−3 2.54 × 10−3 No NCR 3.30 × 10−4 2.81 × 10−4 No NCR
Cr 1.23 × 10−1 7.07 × 10−2 No NCR 1.76 × 10−2 1.04 × 10−2 No NCR
Cu 4.69 × 10−2 4.52 × 10−2 No NCR 5.13 × 10−3 5.09 × 10−3 No NCR
Fe 1.45 × 10+00 9.42 × 10−1 Potential NCR 3.46 × 10−1 1.50 × 10−1 No NCR
Mn 7.92 × 10−1 5.87 × 10−1 No NCR 1.92 × 10−1 1.20 × 10−1 No NCR
Ni 1.15 × 10−2 5.53 × 10−3 No NCR 1.25 × 10−3 6.23 × 10−4 No NCR
Pb 3.64 × 10−1 2.40 × 10−1 No NCR 3.96 × 10−2 2.74 × 10−2 No NCR
Zn 8.34 × 10−3 5.42 × 10−3 No NCR 9.11 × 10−4 6.09 × 10−4 No NCR

HI Total 2.81 1.32 Potential NCR 0.61 0.24 No NCR
Children/adult ratio 4.61
ILCR Cd 1.42 × 10−6 2.87 × 10−6 Acceptable CR 6.75 × 10−7 1.23 × 10−6 Negligible CR

Cr 1.52 × 10−5 1.12 × 10−5 Acceptable CR 8.59 × 10−6 5.11 × 10−6 Acceptable CR
Ni 3.33 × 10−5 2.16 × 10−5 Acceptable CR 1.53 × 10−5 7.91 × 10−6 Acceptable CR
Pb 3.74 × 10−7 3.14 × 10−7 Negligible CR 1.72 × 10−7 1.21 × 10−7 Negligible CR

TCR Total 4.99 × 10−5 2.84 × 10−5 Acceptable CR 2.46 × 10−5 1.04 × 10−5 Acceptable CR
Children/adult ratio 2.53

a NCR = Non-Carcinogenic Risk, CR = Carcinogenic Risk.
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However, the data for children indicated greater concern, with
the 5th percentile TCR (1.82 × 10−4) within acceptable limits,
but the 95th percentile (1.06 × 10−4) exceeding the signicant
cancer risk range. Notably, TCR showed a 100% probability of
exceeding the acceptable CR threshold (10−6) for both children
and adults. More alarmingly, children exhibited a 5.52% chance
of exceeding the signicant CR threshold (10−4), underscoring
the heightened risk they face.

Ni was identied as posing the highest CR risk for both
children and adults, with ILCR values of 3.33 × 10−5 (95% CI:
1.05 × 10−5, 7.45 × 10−5) and 1.53 × 10−5 (95% CI: 6.02 × 10−6,
3.01 × 10−5), respectively, falling within the acceptable range
(Fig. 5n). The MCS results for Ni showed a 100% probability of
exceeding the 10−6 threshold for both age groups, with children
having a 1.66% chance of surpassing the 10−4 signicant risk
level. Cd (children = 1.42 × 10−6; adults = 6.75 × 10−7) and Cr
(children = 1.52 × 10−5; adults = 8.59 × 10−6) also demon-
strated acceptable CR risk (Fig. 5l and m). For Cd, children
(35.87%) and adults (17.43%) both showed chances of
exceeding the 10−6 threshold. For Cd, children (35.87%) and
adults (17.43%) both showed chances of exceeding the accept-
able risk threshold. Cr exhibited a 100% probability of
exceeding the acceptable risk level for children and 99.99% for
adults, with a slight chance of exceeding the signicant risk
level for children. The risk posed by Pb (children = 3.74 × 10−7;
adults = 1.72 × 10−7) was comparatively lower, with only
a 4.47% chance for children and merely zero chance for adults
of exceeding the acceptable risk threshold (Fig. 5o). This nding
suggested that continued exposure, particularly at higher levels,
could markedly increase the cancer risk in children.16

The elevated susceptibility of children was further empha-
sized by the children/adult TCR ratio of 2.53, underscoring the
heightened risk they face, especially through ingestion, where
180 | Environ. Sci.: Adv., 2026, 5, 169–191
the risk was found to be 2.25 times greater than that for the
adults. Conversely, adults were at higher risk than children
through dermal contact (1.78 times) and inhalation (1.05 times)
(Table S7). CR posed by Ni on children was 89.36 and 23.75
times higher than Pb and Cd, respectively. Similarly, for adults,
the CR posed by Ni was 87.37 and 22.41 times higher than Pb
and Cd, respectively.

The sensitivity analysis for NCR (Fig. 6a and Table S8)
demonstrated average body weight (ABW) exerting a negative
effect on HI estimation for both adults (−15.60%) and children
(−5.60%). For children, exposed skin area (ESA) was the most
signicant factor, contributing 41.30% to the risk, followed by
Fe concentration (23.80%), exposure frequency (EXF) (13.00%),
and Mn concentration (12.00%). Cr and Pb exerted minimal
inuences at 4.00% and 3.80%, respectively. In contrast, for
adults, Fe concentration was the most dominant factor,
accounting for 39.70% of the risk, with Mn (18.90%), EXF
(14.40%), and ESA (9.80%) also contributing signicantly. Cr
and Pb had minor impacts at 4.00% and 1.10%, respectively. In
the CR analysis (Fig. 6b), different patterns emerged. For chil-
dren, exposure duration (ED) was the most substantial factor,
contributing 53.10% to the risk, followed by Ni concentration
(27.70%), Cr concentration (8.00%), and EXF (7.30%). ABW
again showed a negative effect, though smaller at −3.30%. In
adults, Ni concentration was the most inuential factor,
contributing 44.70% to the risk, followed by Cr concentration
(18.10%), EXF (13.00%), and ED (8.40%). The negative impact of
ABW was more pronounced in adults (−14.70%) compared to
children. The overall sensitivity result revealed signicant
differences in risk factors between adults and children, under-
scoring the necessity for age-specic risk management strate-
gies. The prominent inuence of ED on CR in children
emphasizes the critical need to minimize long-term exposure.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MCS derived probability distributions for (a) the HI; and the HQs of (b) Cd, (c) Co, (d) Cu, (e) Cr, (f) Fe, (g) Mn, (h) Ni, (i) Pb, and (j) Zn. MCS
derived probability distribution and percentage exceeding the thresholds of 10−6 and 10−4 for (k) TCR and for the ILCRs of (l) Cd, (m) Cr, (n) Ni,
and (o) Pb. The red dashed lines indicate the mean values for children, and the blue dashed lines denote the average values for adults. The black
lines represent the acceptable and significant CR levels (10−6 and 10−4).
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Furthermore, the consistent negative impact of ABW indicates
that individuals with lower body weight, particularly children,
are at heightened risk, underscoring the importance of pro-
tecting vulnerable populations. Efforts should be made on the
importance of reducing skin contact and overall exposure time
as effective mitigation strategies, particularly for children.
3.4. Insights on health risks coupled with the PMF model
outcome

The PMF-HRA approach was employed in this study to appraise
the health implications linked to diverse TE contamination
sources. This methodology synergistically combines the PMF
model with HRA techniques. Utilizing the source apportion-
ment outcomes stemming from the PMF model, the relative
contributions of distinct factors were subsequently applied to
quantify both NCR and CR. The analysis, as depicted in Fig. 7,
© 2026 The Author(s). Published by the Royal Society of Chemistry
revealed that the proportional impact of various PMF factors on
health risks exhibited comparable patterns across children and
adults.

F1, dominated by Cd, contributed minimally to both NCR
and CR across all demographic groups, accounting for only
0.59% of NCR in children and 0.32% in adults. Its contribution
to CR was similarly low, at 1.09% for children and 1.05% for
adults. However, the cancer risk associated with Cd in children
(1.42 × 10−6) exceeded the acceptable limit, highlighting Cd as
a potent toxin with profound health implications. Chronic
exposure to Cd in children can lead to neurological dysfunction,
cognitive impairment, DNA damage, and developmental delays,
particularly in those with underdeveloped organs and
systems.161,162 Early exposure has been linked to lower IQ and
reduced ingenuity, particularly in boys.163,164 For adults, the
cancer risk of 6.75 × 10−7 was slightly below the tolerable limit,
Environ. Sci.: Adv., 2026, 5, 169–191 | 181
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Fig. 6 Major contributing variables to the total (a) NCR and (b) CR for children and adults, based on sensitivity analysis from the MCS.
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but chronic exposure can still result in severe health effects,
including liver damage, respiratory disorders, and reduced life
expectancy, especially in those with pre-existing conditions
related to Cd.165,166

Interestingly, while F2 was identied as predominantly
natural and geogenic in origin, it emerged as the most signi-
cant contributor to health risks. This apparent contradiction
can be attributed to the bio-accessibility and bioavailability of
these F2 TEs in the soil, as well as their essential yet potentially
toxic dual role in human health. In terms of NCR, F2 dominated
with a contribution of 79.27% for children and 88.69% for
Fig. 7 Comparison of health risks associated with identified PMF factor g
HRA model.

182 | Environ. Sci.: Adv., 2026, 5, 169–191
adults, highlighting its critical role in elevating health risks.
This trend continued with CR, where F2 contributed 66.18% to
children's risk and 61.63% to that of adults. Iron is essential for
oxygen transport and metabolism, but excess Fe, particularly in
children, can lead to conditions like hemosiderosis and
hemochromatosis, potentially damaging the liver, heart, and
pancreas.167,168 Mn also poses signicant NCRs, especially to the
brain and lungs, with overexposure linked to neurological
disorders similar to Parkinson's disease.169 Co is necessary in
small amounts but can cause respiratory issues and dermatitis
at higher exposures.170,171 Among F2 metals, only Ni is classied
roups of TEs: (a) NCR and (b) CR in children and adults from the PMF-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as a carcinogen in typical exposure scenarios.172 While Ni
contributes minimally to NCR, it is a signicant carcinogenic
threat, linked to lung and nasal cancers.173 Nickel is also
a common cause of contact allergies, particularly in children,
and maternal exposure has been associated with congenital
heart defects.174,175

F3, encompassing Cr, Cu, Pb, and Zn, emerged as a signi-
cant contributor to exposure risks, particularly among children.
Specically, it accounted for 20.15% of the NCR in children,
compared to 10.99% in adults. Although F3 is less predominant
than F2, it still warrants considerable attention, especially given
its disproportionate impact on younger populations. Regarding
CR, F3 exerted a more pronounced effect on adults, contributing
37.33% to their overall risk, compared to 32.73% for children.
Though the NCR associated with F3 remained within acceptable
thresholds, the CR assessment revealed signicant concerns,
particularly with respect to hexavalent chromium (Cr VI), a well-
known respiratory carcinogen. Environmental exposure to Cr VI
is linked to severe health consequences, including adverse
pregnancy outcomes and heightened respiratory issues in
children.176,177 In this study, Cr VI posed a cancer risk to children
that was 1.78 times greater than that for adults, whereas the CR
from Pb was deemed negligible. Chronic Pb exposure is also
a critical public health concern, especially for children, as it can
lead to systemic health effects, including intellectual disabil-
ities and developmental delays.178,179 Elevated soil Pb levels,
particularly in areas adjacent to dumpsites, have been corre-
lated with increased blood Pb levels in children, underscoring
the pressing need for targeted interventions in polluted
regions.180,181

In summary, F2 stood out as the most signicant contributor
to both NCR and CR, particularly for adults. F3, while less
dominant, still posed a considerable risk, especially for chil-
dren, due to their increased sensitivity to TE exposure. F1,
although present, contributed minimally to overall health risks.
These ndings underscored the need for targeted interventions
that focus on reducing exposure to the metals associated with
Factors 2 and 3, especially for children due to their high
vulnerability.
4. Limitations of the study and scope
for future research

In this study, efforts were made to assess TE contamination, its
sources, and associated health risks, but several noteworthy
limitations must be addressed. Firstly, a detailed waste char-
acterization of the dumpsite was not undertaken. Previous
research in a developing nation revealed that biodegradable
materials from households, markets, roadside eateries, and
hotels constitute a substantial portion (56.30%) of solid waste at
such sites.182 A comprehensive waste characterization could
have offered a more precise insight into the sources contrib-
uting to the waste. Secondly, although some other TEs
commonly identied in prior dumpsite contamination investi-
gations,183,184 including arsenic (As), mercury (Hg), and anti-
mony (Sb), are signicant concerns, their omission in our
© 2026 The Author(s). Published by the Royal Society of Chemistry
analysis resulted from analytical constraints. Expanding the
elemental scope may have provided a more comprehensive
analysis of contamination risk. Thirdly, there is considerable
variability in the reference values employed for evaluating soil
TE concentrations. This study utilized background values as
consistent reference points; however, alternative approaches in
other studies have included the use of pre-industrial reference
levels, average crustal concentrations, or typical shale
content.39,50 The selection of reference values is a critical factor
that can substantially inuence the accuracy of the assessment
outcomes. Moreover, the appraisal of NCR and CR linked to the
exposure to target TEs in soil was limited to three key pathways:
oral ingestion, inhalation, and dermal absorption. This limita-
tion arose from the lack of available data on the local pop-
ulation's dietary habits. Consequently, the analysis excluded
other signicant exposure routes like food and water
consumption, which could potentially lead to an underestima-
tion of the total health risks. Finally, due to the absence of local
data on exposure parameters, the study relied on the USEPA's
standardized exposure values and probability distributions for
risk calculations and simulations. While this approach helped
mitigate the lack of regional data, it introduces a limitation as
the applied values may not fully represent local environmental
and population-specic conditions, potentially affecting the
precision of the risk estimates.

While the largest landll in the Feni municipality was
assessed in the current study, there are numerous smaller
dumpsites scattered both within and outside the municipal
boundaries. Future studies that incorporate these areas could
provide a more comprehensive assessment of contamination
levels and health risk characterization on a larger scale. Addi-
tionally, the temporal dimension of TE pollution was not
addressed in this study. Given that factors such as seasonal
changes, climate conditions, and waste composition impact the
environmental breakdown and transformation of TEs,185,186 it is
crucial to conduct longitudinal studies that track changes in
contamination levels over time. This would offer an important
understanding of the temporal patterns and enduring effects of
TE contamination. Moreover, utilizing more advanced analyt-
ical methods, such as isotopic analysis, can signicantly
enhance the precision of source apportionment of TEs within
the soil and aid in formulating more effective mitigation strat-
egies.20 Finally, future studies should consider the synergistic
effects of multiple contaminants and their bioaccumulation in
the food chain, as well as the potential for groundwater
contamination.

5. Conclusions

This study was conducted to evaluate the signicant environ-
mental and public health challenges posed by TEs in the DSS
due to ongoing waste burning, an issue that has remained
inadequately investigated since the onset of burning approxi-
mately 25 years ago, making this research both timely and
essential. The contamination indices, PMF, and PCM results
revealed that Cd, Cu, Zn, Pb, and Cr were primarily inuenced
by anthropogenic activities like industrial and residential waste,
Environ. Sci.: Adv., 2026, 5, 169–191 | 183
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while Fe, Co, Mn, and Ni indicated geogenic origins, with
localized hotspots linked to waste processing. PMF identied
three factors: F1 (Cd-dominated, 82.26%), F2 (Fe, Co, Mn, Ni),
and F3 (Cu, Zn, Pb, Cr), highlighting the complexity of pollution
sources. Despite low concentrations, Cd showed extreme
contamination, linked to industrial waste, contributing to 91%
of the total ecological risks at the dumpsite, and exhibiting the
highest contamination indices. The results indicated moderate-
to-severe contamination in the DSS, with Cd, due to its high
toxicity, posing the most severe ecological risks among all TEs.
Meanwhile, F3 reected signicant contributions from resi-
dential and commercial waste, as well as vehicular emissions,
further highlighting the complexity of pollution sources.

According to the PMF-HRA model, used for concentration-
and source-oriented HRA, children had higher NCR and CR
than adults. The HI for children (2.81) exceeded the safe
threshold, primarily driven by Fe and Mn, while adults had
a lower HI (0.61). Inhalation was the dominant pathway for
NCR, contributing 67.26% and 78.36% to the total HI for chil-
dren and adults, respectively. For CR, the ILCR for children
(4.99 × 10−5) and adults (2.46 × 10−5) exceeded the acceptable
range (10−6), with Ni posing the highest risk (children: 3.33 ×

10−5; adults: 1.53 × 10−5). Cd and Cr also contributed signi-
cantly, with Cd exceeding acceptable CR limits for children
(1.42 × 10−6). PMF identied F2 as the largest contributor to
both NCR (79.27% in children; 88.69% in adults) and CR
(66.18% in children; 61.63% in adults), while F3 posed consid-
erable risks, particularly for children.

Given the proximity of the dumpsite to residential areas,
agricultural lands, and transportation infrastructure, this study
highlights the urgent need for targeted interventions tomitigate
TE exposure, particularly in children, who are more vulnerable
due to their developmental stage and higher exposure rates. The
PMF-HRA approach effectively linked pollution sources to
health risks, providing a framework for prioritizing mitigation
efforts. Immediate remediation and sustainable waste
management strategies are essential to prevent further
contamination. Regular monitoring of soil and air quality,
stricter regulation of major pollution sources, and community
awareness programs will be critical in reducing exposure risks.
As inhalation remains the primary exposure pathway, atmo-
spheric controls should be prioritized to minimize health
impacts. Given the persistence and bioaccumulation potential
of these TEs, long-term monitoring and policy interventions are
necessary to protect vulnerable populations.
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68 B. Yüksel, F. Ustaoğlu, C. Tokatli and M. S. Islam,
Ecotoxicological risk assessment for sediments of Çavuşlu
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