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Abstract

Urban soils represent significant sinks for heavy metals and may constitute potential risks to
human health, particularly within rapidly urbanizing and industrialized settings. This study
assesses the concentrations, spatial distribution, and associated human health risks of cadmium

(Cd), copper (Cu), and chromium (Cr) in surface soils of Annaba City, northeastern Algeria.

A total of 25 surface-soil samples were collected from systematically selected sampling
locations representing the major urban land-use types, including industrial areas, high-traffic
corridors, residential neighborhoods, and urban green spaces. One surface-soil sample was
collected from each sampling location to characterize the spatial distributionof potentiallytoxic
elements at the city scale. The measured concentrations ranged from 0.12 to 14.01 mg kg™ for

Cd, 30.56 to 152.17 mg kg for Cu, and 15.24 to 121.24 mg kg for Cr, with mean
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concentrations of 1.74, 69.45, and 57.97 mg kg™!, respectively. Among the analyzed metals,
cadmium exhibited the greatest spatial variability and the highest degree of enrichment relative
to local background levels, with several sampling sites exceeding the regulatory limit of 2 mg

kg,

Pollution assessment using the contamination factor (CF) and geo-accumulation index (Igeo)
yielded mean CF values of 17.94, 3.06, and 0.94 and mean Igeo values of 2.05, 0.85, and —0.79
for Cd, Cu, and Cr, respectively. Cadmium exhibited considerable to very high contamination
(CF = 1.23-144.43; Igeo = —0.28-6.59), particularly at industrial sites. Copper generally
showed moderate contamination, with only a limited number of sampling locations exceeding
the regulatory limit of 100 mg-kg™', whereas chromium concentrations remained predominantly
within low to moderate contamination classes and did not exceed the regulatory limit (150 mg
kg!) at any sampling location. Geographic information system (GIS)-based spatial analysis
identified distinct contamination hotspots, particularly at sites P-14, P-19, and P-24, which

spatially correspond to areas influenced by industrial activities.

Human health risk assessment (HHRA) indicated that non-carcinogenic hazard index (HI)
values were systematically higher for children than for adults. Nevertheless, all estimated HI
values remained below the acceptable risk threshold (HI < 1). Cadmium contributed most
substantially to the total non-carcinogenic risk at hotspot locations. The estimated carcinogenic
risk associated with Cd inhalation was negligible across all sampling sites, remaining several

orders of magnitude below the commonly accepted benchmark level (10°°).

Multivariate statistical analyses, including principal component analysis and hierarchical
cluster analysis, corroborated the observed spatial patterns and emphasized the dominant role
of cadmium in controlling contamination variability and differentiating industrially impacted
soils from less affected areas. Overall, the integrated application of pollution indices, GIS-based

spatial mapping, HHRA, and multivariate techniques identifies cadmium as the principal
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environmental concern in Annaba’s urban soils and provides a robust scientific basis for

targeted monitoring strategies and risk-oriented urban soil management.

Keywords: Cadmium; Urban soils; Human health risk assessment; Carcinogenic risk; GIS

spatial analysis.

1. Introduction

Urban soils constitute a fundamental component of urban ecosystems, acting not only as
physical supports for infrastructure and vegetation but also as dynamic geochemical interfaces
that regulate the accumulation, transformation, and mobility of potentially toxic elements
(Gautam et al., 2023; Zwolak et al., 2019). In densely populated urban environments, soils
function as long-term sinks for contaminants released by anthropogenic activities such as
industrial production, vehicular emissions, port operations, and uncontrolled waste disposal.
Unlike agricultural soils, urban soils are subjected to continuous pollutant inputs and frequent
human exposure, which enhances their relevance in environmental geochemistry and public
health research (Guo et al., 2016; Zhou et al., 2022; Guo et al., 2021). Consequently, the
assessment of heavy metal contamination in urban soils has become a central focus of

environmental studies worldwide (Abraham et al., 2018; Uwizeyimana et al., 2017).

Heavy metals such as cadmium (Cd), copper (Cu), and chromium (Cr) are of particular concern
due to their persistence, non-biodegradability, and contrasting geochemical behaviors in soil
systems (Men et al., 2020; Wei et al., 2020; Mameri et al., 2024). Cadmium is a highly toxic
and potentially carcinogenic element, commonly associated with industrial emissions, fuel
combustion, and urban waste, and even low concentrations may induce adverse health effects
(Jiang et al., 2021). Copper, although essential for biological processes, can become toxic at
elevated levels and is frequently used as an indicator of traffic-related and industrial pollution

(Raimi et al., 2022; Mileti¢ et al., 2023; Liang et al., 2023). Chromium occurs naturally in soils
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through parent material weathering, but may also be introduced by anthropogenic activities,
allowing differentiation between lithogenic and human-induced sources (Pan et al., 2024; Qiao
et al., 2023). The combined investigation of Cd, Cu, and Cr therefore provides a comprehensive
framework for evaluating contamination intensity, source contributions, and environmental

behavior in urban soils (Chen et al., 2023; Zhou et al., 2022; Alhadi & Munaf, 2024).

Annaba City, located in northeastern Algeria, represents a relevant case study due to its rapid
urban expansion, high population density, and concentration of heavy industrial activities,
including metallurgical complexes, port facilities, and dense transportation networks (Salhi &
Donmez, 2021; Hafiane Hedahdia & Boukhemis, 2024). The coexistence of industrial,
residential, and commercial land uses, together with coastal and climatic influences, is expected
to enhance spatial heterogeneity in soil contamination patterns (Maas et al., 2010; Qi et al.,
2020). Annaba is characterized by a high population density (over 600,000 inhabitants) and
hosts extensive industrial infrastructure, including metallurgical complexes, port facilities, and
dense transportation networks. These anthropogenic activities make the city particularly
susceptible to heavy metal accumulation in urban soils, highlighting the need for a
comprehensive assessment of soil contamination and associated human health risks. Ata global
scale, this local context mirrors the broader challenge of decoupling economic growth from
environmental degradation. Recent studies (e.g., Ma et al., 2025) emphasize that sustainable
development strategies are crucial for rapidly urbanizing cities like Annaba, enabling continued
industrial expansion while minimizing environmental pollution. Despite the city's high
vulnerability to such intense environmental pressures,, integrated studies addressing both
contamination levels and associated health risks in urban soils of Annaba remain limited
(Istanbullu et al., 2023; Seifi et al., 2019). Previous investigations in the region have largely
focused on metal concentrations or individual pollution indices, providing limited insight into

spatial variability, contamination hotspots, and potential human health implications (Hadif et
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al., 2020; Saadat, 2022; Umwanzisiwemuremyi et al., 2024). However, existing studies in
Annaba have not sufficiently applied high-resolution spatial analysis nor systematically
compared contamination patterns across different land-use types such as industrial, residential,

and commercial zones.

Recent studies have demonstrated that urban soils are important sinks for potentially toxic
elements and that industrial activities, traffic emissions, and urbanization are the major sources
of contamination (Benselhoub et al., 2015; Lifa et al., 2025). These studies have successfully
applied pollution indices, GIS-based spatial analysis, and human health risk assessment to
evaluate contamination levels and associated health risks, with children generally identified as
the most vulnerable population (Aksouh et al. 2024). However, such integrated investigations
remain limited in northeastern Algeria, particularly in Annaba City, where comprehensive
assessments combining contamination indices, spatial analysis, multivariate statistical
techniques, and human health risk assessment are still lacking. Therefore, the present study
integrates contamination assessment, GIS-based mapping, principal component analysis,
hierarchical cluster analysis, and human health risk assessment to characterize the spatial
distribution, potential sources, and health risks of Cd, Cu, and Cr in the urban soils of Annaba

City.

From a methodological perspective, contamination assessment in urban soils has traditionally
relied on indices such as the contamination factor (CF) and the geo-accumulation index (Igeo),
which are effective tools for evaluating metal enrichment relative to background levels (Khalili
et al., 2021; Nasir et al., 2023; Lu & Bai, 2010; Ksiezopolska, 2002; USDA, 1998). However,
these indices do not fully capture the spatial complexity of urban environments, nor do they
quantify potential human exposure and associated health risks (Goncharov et al., 2024; Ayaz et
al., 2023). Moreover, the combined application of geographic information systems (GIS),

human health risk assessment (HHRA), and multivariate statistical techniques remains
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relatively underdeveloped, particularly in urban soil studies conducted in North African and
Mediterranean cities (Ejaz et al., 2025; Gujre et al., 2021). This methodological limitation
constrains comprehensive interpretation of contamination processes and the formulation of
risk-based soil management strategies (Sun et al., 2021; Pefia-Fernandez et al., 2014; Qing et

al., 2015; Tong et al., 2020).

To address these gaps, the present study adopts an integrated analytical framework combining
geochemical pollution indices, GIS-based spatial analysis, human health risk assessment, and
multivariate statistical approaches (Ejaz et al., 2025; Sun et al., 2021). The specific objectives
are to: (i) quantify the concentrations of Cd, Cu, and Cr in surface soils of Annaba City; (ii)
evaluate contamination levels using the contamination factor (CF) and geo-accumulation index
(Igeo); (iii) analyze spatial distribution patterns and identify contamination hotspots using GIS
techniques; (iv) assess non-carcinogenic and carcinogenic health risks for both children and
adults through HHRA; and (v) investigate contamination patterns and potential sources using
principal component analysis (PCA) and hierarchical cluster analysis (HCA). By integrating
geochemical, spatial, and health-based analyses, this study aims to enhance understanding of
urban soil contamination processes and to provide a robust scientific basis for environmental

risk assessment and urban soil management in rapidly urbanizing regions.

2. Materials and Methods

2.1. Study Area

Annaba Province is located in northeastern Algeria, along the southern margin of the Algerian—
Provencal Basin, between latitudes 36°30-37°30" N and longitudes 7°20'-8°40" E (Figure 1).
Figure 1 illustrates the location of the study area within Annaba Province rather than depicting

the full provincial extent; therefore, the map is intended to provide the geographic context of
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the investigated urban area rather than the administrative boundaries corresponding to the
coordinate range reported above.

The regional climate is Mediterranean, with a mean annual temperature of approximately 18
°C and annual precipitation ranging between 650 and 1,000 mm, predominantly concentrated
during the winter season. These climatic conditions, combined with intensive urban and
industrial activities, promote the accumulation and redistribution of atmospheric particulates
and associated contaminants in surface soils (U.S. EPA, 2007).

From a geological and pedological standpoint, the Annaba region is dominated by sedimentary
formations, including limestone, marl, and Quaternary alluvial deposits. Urban soils are
generally calcareous and carbonate-rich, which contributes to alkaline pH conditions and
strongly influences the retention, mobility, and speciation of heavy metals (Aubert, 1978).
These alkaline conditions, derived from the carbonate-rich nature of the soils, play a critical
role in controlling the geochemical behavior of heavy metals by enhancing their precipitation,
adsorption onto soil particles, and overall retention in the soil matrix.

These properties are particularly relevant for interpreting the behavior of chromium, which is
partly controlled by lithogenic inputs, as well as cadmium and copper, which are more
responsive to anthropogenic enrichment (Ahmad et al., 2021).

2.2. Sampling Design and Site Description

A total of 25 surface soil sampling sites were selected across the urban area of Annaba City
(Table 1; Figure 1). The sampling design followed a land-use-oriented strategy, combined with
a regular spatial distribution, to ensure representative coverage of the main urban functional
zones. Sampling locations included industrial areas, high-traffic corridors, residential districts,
gardens, cemeteries, and public parks, thereby enabling the identification of spatial variability

and potential contamination sources (Diang et al., 2021; AFNOR, 1992).
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Sampling sites were approximately distributed on a regular 1 x 1 km grid covering the urban
area, with site-specific adjustments implemented to ensure adequate representation of land-use
types and accessibility constraints. A systematic spatial configuration was adopted to balance
sampling resolution with representative coverage. This approach allows the characterization of
spatial variability and supports the identification of potential contamination sources associated
with different anthropogenic activities.. Geographic coordinates of all sampling sites were
recorded using a handheld GPS receiver and are reported in decimal degrees within the WGS84
coordinate system (Table S1). Soil pH determination and background reference considerations
followed standardized procedures (AFNOR, 2005; China General Environmental Monitoring
Station, 1990). This spatial configuration provides a suitable compromise between spatial

resolution and practical feasibility for urban-scale soil contamination assessment.
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Figure 1. Geographic location of the study area soil samples in Annaba City

(top map).
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2.3. Soil Sampling

Surface soil samples were collected from the uppermost layer of the soil profile (0—5 cm), which
is widely regarded as the most relevant horizon for assessing urban contamination due to its
direct exposure to atmospheric deposition, industrial dust, and traffic-related emissions. This
layer is typically enriched in fine particles, which preferentially accumulate potentially toxic
elements, and represents the primary medium for human—soil interaction in urban environments

(Chinese Environmental Protection Administration, 1995).

A total of 25 surface-soil samples were collected throughout Annaba City between March and
April 2024. Sampling locations were selected using a systematic spatial sampling strategy to
provide representative coverage of the principal urban land-use categories across the study area,
including industrial areas, high-traffic zones, residential districts, gardens, cemeteries, and
public parks (Table S1; Figure 2). One surface-soil sample (0—5 cm) was collected from each
sampling location. This strategy was designed to characterize the spatial distribution of
potentially toxic elements at the city scale rather than to assess micro-scale variability within
individual sites. The spatial distribution of the selected sampling locations ensured
representative coverage of the study area and facilitated the identification of potential

contamination sources associated with different anthropogenic activities.

Sampling sites were approximately distributed on a regular 1 x 1 km grid covering the urban
area, with site-specific adjustments implemented to ensure adequate representation of land-use
types and accessibility constraints. At each location, approximately 1 kg of surface soil was
collected using a stainless-steel spoon previously acid-washed and rinsed with deionized water,
thereby minimizing the risk of metal contamination. Samples were immediately placed in clean

polyethylene bags and transported to the laboratory (Miiller, 1969).
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In the laboratory, soil samples were air-dried at room temperature, gently disaggregated, and
homogenized using an agate mortar and pestle. The dried material was then sieved through a 2
mm polyethylene mesh to remove coarse fragments and stones. All sampling and preparation
equipment was soaked overnight in dilute nitric acid and thoroughly rinsed with deionized
water prior to use. Sample handling was conducted using non-metallic tools and protective
gloves to prevent cross-contamination. The prepared samples were stored in sealed

polyethylene bags until subsequent chemical analysis (Radi et al., 2023).

Each sampling location was represented by a single surface-soil sample (0—5 cm depth) rather
than a composite sample prepared from multiple subsamples; consequently, no subsamples
were collected within a predefined sampling area at each site. Field duplicate samples and field
blanks were not collected as part of the field sampling campaign. Analytical quality assurance
and quality control were instead ensured at the laboratory level through reagent blanks,
duplicate analyses, certified reference materials (CRM), calibration verification, and recovery

assessment.
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Figure 2. Sampling points and geographic coordinates in decimal degrees of 25 soil samples

from the Annaba City region.

2.4. Determination of Soil pH

Soil pH was determined using a standard potentiometric method in a soil-water suspension.
Briefly, 20 g of air-dried soil was mixed with 50 mL of distilled water, corresponding to a soil-
to-water ratio of 1:2.5. The suspension was intermittently stirred and allowed to equilibrate for
two hours at room temperature prior to measurement. Soil pH was measured using a calibrated

digital pH meter (Inolab pH 7310, Germany) (Golia et al., 2019).

The pH meter was calibrated at the beginning of each analytical series using standard buffer

solutions at pH 4.0, 7.0, and 10.0 to ensure measurement accuracy and reproducibility. This
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method is widely applied for characterizing soil acidity—alkalinity conditions and provides
reliable information for interpreting heavy metal mobility and retention in soils (Arab et al.,

2021).

2.5. Sample Preparation and Chemical Analysis

Heavy metal concentrations in soil samples were determined using aqua regia extraction,
followed by atomic absorption spectroscopy (AAS). The digestion procedure was conducted in
accordance with ISO 11466 (1995), which yields pseudo-total metal concentrations suitable for
environmental contamination assessment. Approximately 5 g of homogenized soil was placed
in a Pyrex digestion vessel, and a mixture of concentrated hydrochloric acid (HCl, 37%) and

nitric acid (HNO3, 70%), in a volumetric ratio of 3:1, was added (Zhanibekov et al., 2022).

The samples were heated on a hot plate at approximately 130 °C for 30 minutes until near
dryness, in order to enhance the dissolution of metal-bearing phases. After cooling, the residue
was re-dissolved in 1.6 M nitric acid, centrifuged to remove insoluble particles, and the
supernatant was filtered through Whatman N° 42 filter paper. The filtrate was quantitatively
transferred into a 25 mL volumetric flask and diluted to volume with distilled water (Chileshe

et al., 2020).

Concentrations of cadmium (Cd), copper (Cu), and chromium (Cr) were measured using flame
atomic absorption spectroscopy with an air—acetylene flame (Shimadzu AA-7000, Japan)
(Botzan, 2017). Instrument calibration was carried out using multi-element standard solutions
prepared in the same acid matrix as the samples. To ensure the accuracy and reliability of the
analytical procedures, a Certified Reference Material for soil analysis was digested and
analyzed alongside the field samples. The recovery rates obtained were 97% for Cd, 101% for
Cu, and 98% for Cr. Analytical quality control procedures routinely included the analysis of

procedural blanks and duplicate samples to ensure analytical precision and to minimize
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potential contamination. The relative standard deviation (RSD) for all replicate analyses
remained consistently below 5%, demonstrating high analytical precision.The applied
methodology provides highly reliable and reproducible concentration data for assessing heavy

metal contamination in urban soils (Chen et al., 2021).
2.6. Assessment of Soil Contamination by Heavy Metals

Soil contamination by heavy metals was assessed using widely applied geochemical pollution
indices that compare measured metal concentrations with reference background levels. In this
study, the contamination factor (CF) and the geo-accumulation index (Igeo) were employed to
evaluate the degree of metal enrichment and pollution of cadmium (Cd), copper (Cu), and
chromium (Cr) in urban surface soils (Wang et al., 2022; Xiao et al., 2024; Bartoszek et al.,

2022).
2.6.1. Contamination Factor (CF)

The contamination factor (CF) was calculated as the ratio between the measured concentration
of a given metal in soil (C,) and its corresponding background concentration (B,), according to

the following equation:

where C, represents the concentration of metal n in the soil sample (mg-kg™!), and B, denotes
the geochemical background concentration of the same metal. (Goher et al., 2019; El Zrelli et

al., 2015).

Based on CF values, soil contamination was classified into four categories: CF <1 (low or no
contamination), 1 < CF <3 (moderate contamination), 3 < CF< 6 (considerable contamination),

and CF > 6 (very high contamination) (Islam et al., 2022).
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2.6.2. Geo-accumulation Index (Igeo)

The geo-accumulation index (Igeo), originally proposed by Miiller (1969), was used to assess
the degree of metal accumulation in soils relative to background concentrations, while
accounting for natural geochemical variability. The Igeo was calculated using the following

equation:

where C, is the measured concentration of the metal in the soil sample, B, is the corresponding
background concentration, and the factor 1.5 accounts for possible natural variations in

background values due to lithological differences (Bi et al., 2018; Baran & Wieczorek, 2015).

According to established classification criteria, Igeo < 0 indicates unpolluted conditions; 0 <
Igeo < 1 indicates unpolluted to moderately polluted soils; 1 <Igeo <2 moderately polluted; 2
<Igeo < 3 moderately to strongly polluted; 3 <Igeo <4 strongly polluted; 4 <Igeo <5 strongly
to extremely polluted; and Igeo > 5 extremely polluted soils (Zahra et al., 2014; Khalili et al.,

2021; Nasir et al., 2023).

The combined application of CF and Igeo provides complementary information on metal
enrichment and pollution intensity and was subsequently used to support spatial analysis,

multivariate statistical interpretation, and human health risk assessment.

The background values (B.) used in this study were adopted from the Chinese Soil
Environmental Quality Standard (GB15618-1995) (CEPA, 1995). These values are widely
employed in the calculation of contamination indices, particularly the geoaccumulation index
(Igeo), and provide a standardized reference framework that facilitates comparison with
numerous international studies. The same reference has also been used in previous studies

conducted in Algeria (Sellami et al., 2022), ensuring methodological consistency.
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2.7. Human Health Risk Assessment

Human health risk assessment (HHRA) was performed to evaluate potential non-carcinogenic
and carcinogenic risks associated with exposure to heavy metals in urban soils of Annaba City
for both children and adults. The assessment followed the methodological framework
recommended by the United States Environmental Protection Agency (USEPA) and considered
the principal exposure pathways relevant to urban environments (Strenge & Chamberlain,

1995).

To ensure full transparency and reproducibility of the exposure assessment, all exposure factors
and toxicological reference values used to calculate the average daily dose (ADD), hazard
quotient (HQ), hazard index (HI), and carcinogenic risk (CR) for the ingestion and dermal

contact pathways, separately for children and adults are compiled in Table 1.

Table 1. Exposure parameters and toxicological reference values used in the Human Health

Risk Assessment (HHRA)
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All parameter values applied in this study are consistent with the USEPA (2011) Exposure

Factors Handbook and the USEPA Regional Screening Level / Integrated Risk Information
System (IRIS) toxicological databases, thereby ensuring compliance with internationally
recognized risk assessment guidelines and enabling full reproducibility of the reported HQ, HI,

and CR values across all sampling sites.
2.7.1. Exposure Pathways and Average Daily Dose

For non-carcinogenic effects, exposure through accidental soil ingestion and dermal contact
was considered, whereas inhalation of resuspended soil particles was evaluated exclusively for
carcinogenic risk. Separate exposure scenarios were defined for children and adults to account
for differences in physiological characteristics, behavior patterns, and exposure duration

(Strenge & Chamberlain, 1995).

Average daily doses (ADDs) were calculated for each metal and sampling site using the

following equations:

CxIRXEFXED
ADDypg =~ x 10

CxSAX AF x ABS X EF X ED
ADD gorm = S AT x 10

C X IRy X EF X ED
PEF x BW x AT

ADDi‘nh =
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where C represents the metal concentration in soil (mg-kg™'), and the remaining parameters
describe exposure frequency (EF), exposure duration (ED), body weight (BW), averaging time
(AT), and pathway-specific exposure factors. The conversion factor (10%) was applied to

convert soil concentrations from mg-kg™ to kg-kg™' (McKone & Daniels, 1991).
2.7.2. Non-Carcinogenic Risk Assessment

Non-carcinogenic risk was evaluated using the hazard quotient (HQ), defined as the ratio

between the estimated average daily dose (ADD) and the corresponding reference dose (RfD):

_ADD

HQ =205

The hazard index (HI), representing the cumulative non-carcinogenic risk arising from multiple

exposure pathways and metals, was calculated as the sum of individual HQ wvalues:

HI=ZHQ

An HI value lower than unity (HI < 1) indicates that adverse non-carcinogenic health effects

are unlikely under the assessed exposure conditions (Cai et al., 2019).
2.7.3. Carcinogenic Risk Assessment

Carcinogenic risk (CR) was estimated for cadmium (Cd) via inhalation exposure using the
cancer slope factor (SF) approach:

CR = ADD;y;, X SF
Cadmium was selected for carcinogenic risk assessment due to its recognized carcinogenicity
through inhalation pathways. Chromium was excluded from carcinogenic risk calculations, as
the present study quantified total chromium concentrations without chemical speciation,
thereby preventing differentiation between trivalent [Cr(III)] and hexavalent [Cr(VI)] forms.

According to international risk assessment guidelines, acceptable lifetime cancer risk values
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generally range from 107 to 10, whereas values below 107 are considered negligible (Yousefi

et al., 2022).
2.8. Statistical Analysis

Statistical analyses were conducted to examine relationships among heavy metals, assess spatial
variability, and identify potential contamination patterns and sources in urban soils. All
statistical analyses were performed on metal concentration data obtained from 25 sampling sites
(n = 25) using IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA). A
significance level of p <0.05 was adopted for all statistical tests. Graphical representations were
prepared using OriginPro 2023 (OriginLab Corporation, Northampton, MA, USA), and
descriptive calculations were verified using Microsoft Excel 2021 (Microsoft Corporation,

Redmond, WA, USA).

Data normality was evaluated using the Shapiro—Wilk test, which is appropriate for small
sample sizes. When data followed a normal distribution, differences among sampling sites were
assessed using one-way analysis of variance (ANOVA); otherwise, the non-parametric
Kruskal-Wallis test was applied. Homogeneity of variances was evaluated prior to the
application of ANOVA. Prior to multivariate statistical analyses, metal concentration data were
log-transformed to reduce skewness and standardized using z-score transformation to ensure

equal weighting of variables (Shukla et al., 2024).

Principal component analysis (PCA) was applied to identify the main factors controlling the
distribution of Cd, Cu, and Cr in urban soils. PCA was performed using the correlation matrix,
and component retention was based on the Kaiser criterion (eigenvalues > 1), supported by
visual inspection of the scree plot. The percentage of total variance explained by each principal
component was used to evaluate their relative contribution and importance (Szczepanik et al.,

2021).
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Hierarchical cluster analysis (HCA) was conducted to classify sampling sites according to
similarities in metal concentrations. Clustering was performed using Euclidean distance as a
measure of similarity and Ward’s linkage method, selected for its effectiveness in minimizing
within-cluster variance. The optimal number of clusters was determined based on visual
inspection of the dendrogram, in combination with consistency with observed spatial patterns
and land-use characteristics. The combined application of PCA and HCA provided
complementary insights into contamination patterns and supported the identification of
dominant controlling factors and potential sources of heavy metals in urban soils (Thavamani

etal., 2012).

2.9. GIS-Based Spatial Interpolation

Spatial distribution maps of the measured concentrations of Cd, Cu, and Cr and their
corresponding pollution indices, including the geoaccumulation index (Igeo) and contamination
factor (CF), were generated from the point-based measurements obtained at the 25 sampling
sites using Python 3. The spatial interpolation was performed wusing the
scipy.interpolate.griddata function from the SciPy library, with cubic interpolation
(method='cubic'), while Matplotlib was used for graphical visualization and map generation. A
regular 200 x 200 cell grid was generated over the sampling domain, covering longitude
7.7309°-7.7650° E and latitude 36.8833°-36.9088° N, with a 0.003° buffer added around the
spatial extent of the sampling sites. All interpolation procedures were conducted in geographic
coordinates using the WGS 84 datum (EPSG:4326), consistent with the GPS coordinates

recorded at the 25 sampling locations.

The measured concentration ranges used for the spatial analysis were 0.12-14.01 mg kg™ for
Cd (mean = 1.74 mg kg™!), 30.56-152.17 mg kg for Cu (mean = 69.45 mg kg!), and 15.24—

121.24 mg kg for Cr (mean = 57.97 mg kg™!). The corresponding Igeo values ranged from 0.5
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to 6.4 for Cd, —0.1 to 1.5 for Cu, and —2.3 to 0.5 for Cr, whereas the CF values ranged from

10.5 to 104.0 for Cd, 1.6 to 5.2 for Cu, and 0.3 to 1.9 for Cr.

The reliability of the interpolated surfaces was evaluated using leave-one-out cross-validation
(LOOCYV) for each mapped variable. In this procedure, each sampling site was sequentially
excluded from the dataset, its value was re-estimated using the remaining n — 1 observations
and the same cubic interpolation procedure, and the residual was calculated as the difference
between the predicted and observed values. The resulting root mean square error (RMSE)
values were 2.07 mg kg for Cd, 12.7 mg kg for Cu, and 51.6 mg kg for Cr. For the
corresponding Igeo values, the RMSEs were 1.20 for Cd, 0.58 for Cu, and 0.86 for Cr, while
the RMSEs for CF were 23.6 for Cd, 1.07 for Cu, and 0.63 for Cr. These validation results are
reported in Table 2 and provide a quantitative assessment of interpolation uncertainty. The
comparatively larger RMSE associated with Cr indicates greater interpolation uncertainty for
this element, which may reflect stronger spatial heterogeneity in its distribution across the study
area. Accordingly, the interpolated maps are interpreted as spatial representations of the
observed concentration and index patterns, with consideration given to the associated

interpolation uncertainty.

3. Results and Discussion

3.1. Evolution of Soil pH

The spatial distribution of soil pH values measured across the 25 sampling sites is presented in
Table S2 and illustrated in Figure 3. Soil pH values ranged from 7.2 to 7.9, with a mean value
of 7.6 and a low standard deviation (£0.16), indicating relatively homogeneous alkaline

conditions throughout the study area.
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The observed alkaline pH values can be primarily attributed to the carbonate-rich nature of
urban soils in the Annaba region, which is consistent with the underlying sedimentary geology
dominated by limestone and other calcareous formations (AFNOR, 1992; AFNOR, 2005). The
limited spatial variability of soil pH suggests that soil acidity—alkalinity is not a dominant factor

controlling the spatial differentiation of metal concentrations within the study area.

From a geochemical standpoint, alkaline soil conditions generally reduce the mobility and
bioavailability of many heavy metals by enhancing adsorption onto mineral surfaces and
favoring precipitation as carbonates or hydroxides (Botzan, 2017; Chen et al., 2021). This
behavior is particularly relevant for chromium, which tends to exhibit low mobility under
alkaline conditions, thereby supporting its predominantly lithogenic control, as indicated by the
pollution indices and multivariate statistical analyses (Bi et al., 2018; Baran & Wieczorek,
2015). In contrast, the elevated concentrations and enrichment of cadmium and copper observed
at specific sites cannot be satisfactorily explained by pH variability alone and are therefore more

plausibly associated with localized anthropogenic inputs (Wang et al., 2022; Xiao et al., 2024).
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Figure 3. Spatial variation of soil pH across sampling sites in the Annaba City region.
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Overall, the alkaline and spatially uniform pH conditions characterizing Annaba’s urban soils
provide a stable geochemical background, against which the influence of anthropogenic sources

on heavy metal accumulation can be more clearly discerned.

Soil pH values ranged from 7.2 to 7.9 (mean = 7.6 + 0.16), indicating spatially uniform alkaline
conditions across the study area. This alkalinity, most likely associated with the carbonate-rich
nature of the soils, generally reduces the mobility of heavy metals. The limited spatial
variability of pH suggests that the observed differences in metal concentrations are primarily

governed by localized anthropogenic inputs, rather than by variations in soil acidity.
3.2. Heavy Metal Concentrations

The concentrations of cadmium (Cd), copper (Cu), and chromium (Cr) measured in surface
soils of Annaba City are summarized in Table 3 and illustrated in Figures 5,6. The results
exhibited pronounced spatial variability, reflecting heterogeneous anthropogenic influences

across the urban area.

Cadmium concentrations ranged from 0.12 to 14.01 mg-kg!, with a mean value of 1.74
mg-kg™', substantially exceeding the local background level (0.097 mg-kg'). Although most
sampling sites displayed Cd concentrations below the French regulatory limit of 2 mg-kg™!
(AFNOR U44-041), several locations, notably P-14, P-19, and P-24, exceeded this threshold
by approximately one order of magnitude. These sites therefore represent localized

contamination hotspots, indicating significant anthropogenic Cd enrichment.

Copper concentrations varied between 30.56 and 152.17 mg-kg™!, with an average concentration
of 54.99 mg-kg!, consistently higher than the background value (22.6 mg-kg'). While the
majority of sampling sites remained below the regulatory limit of 100 mg-kg™!, exceedances

were recorded at several locations, particularly in areas subject to industrial influence and
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intense traffic activity. This distribution pattern suggests a spatially extensive but generally

moderate level of Cu contamination throughout the study area.

Chromium concentrations ranged from 15.24 to 121.24 mg-kg™', with a mean value of 53.79
mg-kg!, which is close to the regional background concentration (61 mg-kg') and well below
the regulatory limit of 150 mg-kg'. The relatively limited variability and the absence of
regulatory exceedances indicate that Cr contamination is comparatively low and is
predominantly controlled by lithogenic inputs, with only minor localized anthropogenic

contributions(Figure 4).
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Figure 4. Concentrations of Cd, Cu, and Cr in soil samples collected from the Annaba City

region.

Overall, comparative evaluation of the three metals identifies cadmium as the most critical
contaminant in Annaba’s urban soils, due to its pronounced enrichment relative to background
levels and the occurrence of distinct hotspots exceeding regulatory thresholds. Copper exhibits
moderate but spatially widespread enrichment, whereas chromium shows the lowest

contamination levels and poses limited environmental concern under current conditions.
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3.2.1. Spatial Patterns and Source Attribution

Spatial distribution maps (Figure 5) reveal that elevated Cd concentrations are predominantly
clustered near industrial zones, particularly in the vicinity of the El Hadjar iron and steel

complex, suggesting a likely contribution from industrial emissions.

The geogenic interpretation for Cr is further reinforced by its weak correlation with soil pH and
by the prevailing alkaline conditions observed across the study area. Under such conditions,
chromium is expected to occur predominantly in its stable trivalent form, Cr(III), which exhibits
low solubility due to precipitation as chromium hydroxides and strong adsorption onto clay
minerals and Fe—-Mn oxide surfaces. Because soil pH values remain consistently within the
alkaline range, minor spatial fluctuations are unlikely to significantly affect Cr mobility,
bioavailability, or redistribution. Consequently, the weak statistical association between Cr
concentrations and soil pH reflects limited geochemical remobilization and supports the
persistence of chromium within the parent material. This restricted mobility provides a
plausible explanation for the relatively uniform spatial distribution of Cr and is consistent with

a predominantly lithogenic origin.

The identification of distinct Cd hotspots around the El Hadjar steel complex highlights the
need for strengthened environmental management strategies in highly industrialized sectors of
Annaba. While conventional pollution-control measures and regulatory enforcement remain
essential, increasing attention should also be directed toward industrial green innovation as a
proactive mechanism for reducing contaminant emissions at their source. Recent evidence
suggests that environmental regulatory policies can incentivize industrial enterprises to adopt
cleaner production technologies and enhance environmental performance through innovation-
driven processes (Zhang et al., 2025). Therefore, integrating effective regulatory frameworks
with policies that promote green technological innovation could constitute a sustainable

approach for mitigating heavy-metal contamination, reducing industrial environmental impacts,



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

and improving long-term soil quality and ecosystem resilience in rapidly urbanizing industrial

regions.

Additional diffuse contributions to Cd and Cu may arise from agricultural practices, including
phosphate fertilizer application, as well as from traffic-related emissions, such as brake and tire
wear. The partial spatial overlap of Cd and Cu enrichment patterns underscores the cumulative

influence of multiple anthropogenic sources in shaping urban soil contamination.

Although elevated Cd concentrations were observed near major industrial facilities, the present
study did not include direct source-apportionment analyses, industrial emission inventories,
prevailing wind data, or distance-to-source analyses. Therefore, the proposed industrial
influence should be regarded as a plausible interpretation based on the observed spatial patterns
and surrounding land-use characteristics rather than definitive evidence of contamination
sources. Future studies integrating receptor models, land-use overlay analysis, atmospheric
transport information, and emission inventories would provide stronger support for source

identification.
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Figure 5. Spatial distribution of Cd, Cu and Cr concentrations in urban soils from the Annaba

City region.
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3.3. Assessment of soil contamination using Igeo and CFindices

To further evaluate the intensity and sources of heavy metal contamination in the urban soils of
Annaba City, the geo-accumulation index (Igeo) and the contamination factor (CF) were
calculated for cadmium (Cd), copper (Cu), and chromium (Cr) at each sampling site. These
indices provide complementary information on metal enrichment relative to natural background
levels and allow the assessment of contamination intensity and spatial variability across the
study area. The minimum, maximum, and mean values obtained for each element are
summarized in Table2.

Table2. Geo-accumulation index (Igeo) and contamination factor (CF) values for Cd, Cu, and

Cr in soil samples from the Annaba City region.

Positions Igeo CF

Cd Cu Cr Cd Cu Cr
P-01 -0,.28 0.12 -1.51 1.23 1.62 0.52
P-02 1.04 -0.15 -0.34 3.09 1.35 1.18
P-03 -0.06 0.42 -1.98 1.44 2.00 0.38
P-04 0.94 0.06 -0.18 2.88 1.55 1.32
P-05 0.04 0.58 -1.38 1.54 2.23 0.57
P-06 0.31 0.14 -0.92 1.85 1.65 0.79
P-07 1.35 0.28 -2.59 3.81 1.82 0.24
P-08 1.66 0.12 -1.39 4.74 1.63 0.57
P-09 1.31 0.30 -0.88 3.71 1.84 0.81
P-10 4.14 0.15 -0.55 26.49 1.66 1.02
P-11 1.56 0.29 -1.54 4.43 1.83 0.51
P-12 1.04 0.24 -0.23 3.09 1.76 1.28
P-13 0.94 1.56 0.25 2.88 4.41 1.78
P-14 5.38 1.37 -0.75 62.68 3.87 0.89
P-15 3.02 1.34 -1.10 12.16 3.79 0.69
P-16 1.31 1.02 -0.39 3.71 3.03 1.14
P-17 -0.06 0.44 -0.70 1.44 2.02 0.92
P-18 3.55 0.62 -0.99 17.62 2.31 0.75
P-19 6.12 1.65 0.41 104.63 4.70 1.98
P-20 3.16 1.69 -0.72 13.40 4.85 0.90
P-21 1.89 1.37 -0.10 5.56 3.87 1.39
P-22 1.42 2.01 -0.95 4.02 6.05 0.77
P-23 2.09 2.17 -0.65 6.39 6.73 0.95
P-24 6.59 1.64 -0.40 144.43 4.67 1.13
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3.3.1. Spatial patterns of Igeo and CF

As shown in Table 2 and Figure 6, Igeo values for Cd range from —0.28 to 6.59, indicating
conditions ranging from unpolluted to extremely polluted. Several sites exhibit Igeo values
greater than 5, classifying them as heavily to extremely contaminated and reflecting strong
anthropogenic enrichment. In contrast, Cu shows Igeo values between —0.15 and 2.17,
corresponding mainly to uncontaminated to moderately contaminated conditions. Chromium

displays the lowest Igeo values (—2.59 to 0.41), suggesting predominantly unpolluted to slightly

polluted soils.
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Figure 6. Spatial distribution of geo-accumulation index (Igeo) and contamination factor

(CF) for Cd, Cu, and Cr in urban soils from the Annaba City region..
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The contamination factor further supports these patterns. CF values for Cd vary widely from
1.23 to 144.43, indicating considerable to very high contamination at several locations. Copper
exhibits moderate to high contamination (CF= 1.35-6.73), whereas Cr shows low to moderate
contamination levels (CF = 0.24-1.98), with most sites remaining close to natural background

conditions.

3.3.2. Igeo—CF consistency and source implications

Measured cadmium (Cd) concentrations were the highest relative to the adopted background
values and showed pronounced spatial variability across the study area, with the greatest
concentrations recorded at sites P-14, P-19, and P-24. A consistent co-variation between Igeo
and CF values was observed and reflected the measured enrichment pattern, providing
complementary quantitative measures of contamination severity rather than independent
evidence of contamination. These sites correspond to areas influenced by industrial activities,
thereby supporting an anthropogenic origin for Cd contamination in conjunction with the

measured concentrations and the spatial distribution pattern (Figure 7).

Measured Cu concentrations were elevated at several industrial and high-traffic locations.
Copper shows corresponding moderate Igeo—CF values that are consistent with these measured
concentrations, suggesting mixed anthropogenic and geogenic contributions, likely associated

with industrial emissions and traffic-related sources.

Measured Cr concentrations displayed relatively limited spatial variability and generally
remained close to the adopted background value. In contrast, chromium exhibits weak
enrichment, with CF values close to unity and predominantly negative Igeo values, which are
consistent with a mainly lithogenic origin and limited anthropogenic impact under the alkaline

soil conditions prevailing in the study area.
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Figure 7. Relationship between the geo-accumulation index (Igeo) and contamination factor

(CF) for Cd, Cu, and Cr in soils from the Annaba City region.

Overall, the measured concentrations, their spatial distribution, and their relationship with
surrounding land-use characteristics identify cadmium as the principal contaminant of concern
in the urban soils of Annaba. The calculated Igeo and CF indices provide quantitative measures
of the degree of enrichment relative to background values and facilitate comparison with
previous studies. Copper exhibited moderate enrichment, whereas chromium generally
reflected background geochemical conditions and a predominantly lithogenic origin. These
findings provide a quantitative basis for prioritizing sites for further evaluation and support the

subsequent human health risk assessment.

4. Human Health Risk Assessment

The human health risk assessment indicates that non-carcinogenic risks (HI) for both children
and adults remain below the acceptable threshold (HI < 1) across all sampling sites, suggesting
that adverse health effects are unlikely under current exposure conditions. Figure 8 presents the
integrated human health risk assessment of heavy metals in urban soils using hazard quotient
(HQ), hazard index (HI), and carcinogenic risk (CR) indicators for children and adults.
Nevertheless, children consistently exhibit higher HI values than adults, reflecting their greater

vulnerability, primarily due to lower body weight and higher soil ingestion rates.
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Figure 8. presents the integrated human health risk assessment of heavy metals in urban soils
using hazard quotient (HQ), hazard index (HI), and carcinogenic risk (CR) indicators for

children and adults

As shown in Figure 8(a), hazard quotient (HQ) values for individual metals (Cd, Cu, and Cr)
via soil ingestion were consistently below the safety threshold (HQ = 1) at all sampling sites.
The highest HQ values were observed for chromium (Cr) in children, reaching approximately
0.52, whereas cadmium (Cd) and copper (Cu) exhibited substantially lower HQ wvalues,
generally <0.20 and <0.05, respectively. Across all sites, children consistently displayed higher
HQ values than adults, reflecting their greater exposure potential associated with higher soil

ingestion rates and lower body weight.
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Figure 8(b) presents the cumulative non-carcinogenic risk expressed as the hazard index (HI).
All calculated HI values remained below unity (HI < 1), indicating that adverse non-
carcinogenic health effects are unlikely under current exposure conditions. The maximum HI
value, approximately 0.70, was recorded for children at the most impacted site, whereas adult

HI values did not exceed 0.10.

Chromium (Cr) accounted for the largest numerical contribution to the calculated HI
(approximately 60-75%), followed by Cd (15-30%) and Cu (<10%). These relative
contributions arise from the HHRA calculation framework, which combines measured
concentrations with toxicological reference values and exposure parameters, and therefore
should be interpreted as quantitative estimates of potential health risk rather than independent

evidence of contaminant sources or environmental significance.

Although cadmium contributed a smaller proportion to the calculated HI, the measured Cd
concentrations exhibited the greatest enrichment relative to background values and the most
pronounced spatial clustering (sites P-14, P-19, and P-24). Consequently, Cd remains the
principal contaminant of environmental concern based on its measured concentrations, spatial
distribution, and contamination indices, whereas the calculated HHRA metrics quantify the

potential health risks associated with these measured concentrations.

Carcinogenic risk associated with cadmium inhalation is illustrated in Figure 8(c). Estimated
CR values ranged from approximately 2 x 107! to 3 x 10 for children and from 5 x 10! to 7
x 10" for adults, remaining several orders of magnitude below the acceptable risk level of 10
recommended by international guidelines. Although adults exhibited slightly higher CR values
due to longer exposure duration, all estimates fall within the negligible risk range, indicating

no significant lifetime cancer risk related to Cd inhalation.



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

The HQ, HI, and CR values reported in this study are mathematical outputs derived from the
measured concentrations together with the exposure assumptions and toxicological reference
values adopted in the HHRA model. Accordingly, these indicators are used to quantify potential
health risks under the assumed exposure scenarios and should not be interpreted as independent

validation of the contamination assessment.

From a soil management and policy perspective, these findings emphasize the importance of
preventive and risk-based strategies rather than immediate remediation. Industrial and high-
traffic areas identified as Cd contamination hotspots should be prioritized for regular
monitoring, emission control, and land-use management. Measures aimed at reducing direct
human—soil contact, together with long-term soil quality monitoring, are recommended to

prevent future increases in exposure.

Overall, the measured concentrations, their spatial distribution, and the calculated HHRA
indicators collectively indicate that heavy metal contamination in the studied urban soils does
not pose significant non-carcinogenic or carcinogenic health risks for either children or adults
under the current exposure scenarios. Nevertheless, the consistently higher calculated risk
indicators for children, together with the strong spatial enrichment of cadmium, underscore the
importance of continuous monitoring and preventive urban soil management, particularly in

areas subject to intense anthropogenic pressures.

5. Multivariate analysis of heavy metal contamination (PCA and HCA)

The combined principal component analysis (PCA) and hierarchical cluster analysis (HCA)
quantitatively elucidate contamination patterns and potential sources of heavy metals in the
urban soils of Annaba City. PCA indicates that the first two principal components explain 79.2%
of the total variance, with Dim1 accounting for 57.1% and Dim2 for 22.1%, demonstrating that

these axes effectively summarize the main structure of the dataset (Figure 9).
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Figure 9. Principal component analysis (PCA) of heavy metals in urban soils showing (a) the
biplot of sampling sites grouped into three clusters and (b) the correlation circle of Cd, Cu,

and Cr.

As illustrated in the PCA biplot (Figure 9a), sampling sites are clearly separated into three
groups reflecting different contamination characteristics. Diml is characterized by strong
positive loadings of cadmium (Cd) and chromium (Cr), indicating their dominant contribution
to overall variance. Sites with high negative scores along Diml correspond to locations
exhibiting elevated metal concentrations (Cd up to 14.01 mg-kg™'; Crup to 121.24 mg-kg!) and
high contamination indices (CF_Cd up to 144.43; Igeo Cd up to 6.59). These sites spatially
coincide with industrial zones, suggesting a major influence of metallurgical and industrial
emissions. In contrast, sites located on the positive side of Dim1 display substantially lower
metal concentrations (Cd < 0.5 mg-kg™!; Cr < 70 mg-kg!) and represent background or weakly
impacted conditions. An intermediate group occupies a transitional position, indicating

moderate contamination levels.

Dim?2 is mainly controlled by copper (Cu), with concentrations ranging from 30.56 to 152.17
mg-kg! and contamination factors (CF_Cu) reaching up to 6.73. The separation along Dim?2
(Figure 9b) highlights a distinct contamination pathway for Cu, likely related to traffic

emissions and agricultural inputs rather than dominant industrial sources.



694  Hierarchical cluster analysis (HCA) further supports the PCA interpretation by grouping the 25
695  sampling sites into three main clusters based on Cd, Cu, and Cr concentrations using Ward’s
696  linkage method and Euclidean distance (Figure 11). One cluster group highly contaminated
697  industrial site, notably P-14, P-19, and P-24, characterized by very high Cd concentrations
698  (6.08-14.01 mg-kg') and extreme contamination factors (CF_Cd > 60). A second cluster
699 includes moderately contaminated sites with mixed metal signatures (Cd = 0.5-2.6 mg-kg!; Cu
700 = 50-110 mg-kg"), while a third cluster comprises background sites with relatively low metal

701  concentrations (Cd < 0.4 mg-kg'; Cu < 50 mg-kg!; Cr generally < 70 mg-kg™!).
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702
703 Figure 10. Hierarchical cluster analysis (HCA) dendrogram of urban soil samples based on
704 Cd, Cu, and Cr concentrations using Ward’s linkage method and Euclidean distance.

705  The strong consistency between PCA loadings (Figure 9) and HCA clustering (Figure 10)
706  confirms the robustness of the multivariate interpretation. Although chromium contributes

707  significantly to the statistical variance and to the numerical structure of the hazard index,
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cadmium shows the strongest association with contamination hotspots, enrichment indices, and
industrial clusters. This quantitative multivariate evidence supports the identification of
cadmium as the primary contaminant of environmental concern in Annaba urban soils, with
copper and chromium playing secondary roles linked to traffic-related and largely geogenic

influences, respectively.
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Figure 11. Hierarchical Clustering and Z-Score Heatmap of Heavy Metals (Cd, Cu, Cr) and

Associated Contamination Indices (Igeo and CF) Across Sampling Sites

Hierarchical clustering combined with z-score—normalized heatmap analysis revealed a clear
geochemical differentiation among the studied samples (PO1-P25), delineating two principal
clusters characterized by distinct contamination signatures. Cadmium (Cd) emerged as the
primary discriminating factor between these clusters, exhibiting markedly -elevated
standardized values in one group, consistently reflected in its geoaccumulation index (Igeo-Cd)
and contamination factor (CF-Cd). This strong concordance between measured concentrations
and derived indices highlights the robustness and internal consistency of the contamination

assessment framework in Figure 11.
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In contrast, copper (Cu) demonstrated moderate enrichment trends, whereas chromium (Cr)
showed a more heterogeneous spatial distribution, suggesting a potential mixed lithogenic—
anthropogenic origin. The pronounced separation of clusters at higher linkage distances
indicates substantial geochemical heterogeneity, likely driven by spatially variable

anthropogenic inputs rather than uniform natural background conditions.

Overall, the multivariate structure of the dataset clearly identifies Cd as the principal driver of
contamination variability and a reliable tracer of localized pollution sources within the

investigated area.

6. Correlation Analysis and Integrated Spatial-Statistical Interpretation
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Figure 12. Clustered correlation matrix linking heavy metal concentrations (Cd, Cu, Cr),
pollution indices (Igeo, CF), and human health risk indicators (HQ, HI, and CR) for children

and adults in urban soils.

The clustered correlation matrix highlights the relationships between heavy metal
concentrations (Cd, Cu, and Cr), pollution indices (Igeo and CF), and human health risk
indicators (HQ, HI, and CR) for both children and adults (Figure 12). Cadmium (Cd) exhibits
very strong correlations with its contamination indices (Igeo Cd: r = 0.86; CF_Cd: r = 1.00)
and with carcinogenic risk via inhalation (CR_Cd: r=0.87-0.91), indicating that Cd enrichment
is closely linked to increased potential health risk. In contrast, copper (Cu) and chromium (Cr)

show weaker correlations with health risk indicators (r = 0.34-0.57).

Although non-carcinogenic risk values for all metals remain below the safety threshold for both
children and adults (HQ < 1; HI < 1), children consistently display stronger correlations
between Cd concentrations and both HQ and HI values (r = 0.78) compared to adults (r = 0.55),
reflecting their greater susceptibility. This increased sensitivity in children is not solely
attributable to physiological differences, such as lower body weight, but is also driven by
behavioral exposure pathways, particularly frequent hand-to-mouth activity and higher
incidental ingestion of contaminated soil and dust during outdoor play, which enhance overall
exposure intensity. While calculated carcinogenic risks for Cd remain within acceptable limits
(CR < 10F), their strong association with Cd enrichment indices suggests that localized
accumulation may represent a potential long-term environmental concern rather than an

immediate health risk.

Pairwise relationships between heavy metal concentrations and health risk indicators further
support these observations (Figure 13). Cadmium shows the strongest associations with both

non-carcinogenic (HQ) and carcinogenic (CR) risk indicators, whereas Cu and Cr exhibit more



759  moderate and diffuse relationships, consistent with their lower enrichment levels and more

760  uniform spatial distributions.
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762  Figure 13. Pairwise relationships between heavy metal concentrations (Cd, Cu, Cr) and human

763 health risk indicators (HQ and CR) for different age groups in urban soils.

764  An integrated spatial-statistical interpretation reveals pronounced cadmium hotspots in the
765  southern and southeastern sectors of the study area, where concentrations reach 10.15-14.01
766 mg-kg!, exceeding the background value (0.097 mg-kg') by more than two orders of
767  magnitude. These hotspots spatially coincide with elevated non-carcinogenic risk indicators for
768  children, with HQ values approaching—but not exceeding—the regulatory threshold
769  (HQ child = 0.7-0.9). Principal component analysis corroborates this pattern, with PC1
770  explaining 57.1% of the total variance and showing strong loadings of Cd together with

771 pollution and risk indicators.
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In contrast, copper and chromium load more weakly on PC1 and exhibit only moderate
correlations with HQ values (r = 0.34-0.57), indicating a secondary contribution to overall
health risk. Although chromium contributes numerically to the hazard index due to its
toxicological reference values, its relatively weak enrichment and spatial uniformity suggest a
more limited environmental concern compared to cadmium. Overall, the combined spatial,
correlation, and multivariate evidence indicates a source-driven contamination pattern
dominated by industrial Cd emissions, with additional contributions from traffic-related

activities and intensive agricultural fertilization.

7. Conclusions

This study provides an integrated assessment of cadmium (Cd), copper (Cu), and chromium
(Cr) in urban surface soils (0—5 cm) of Annaba City, combining pollution indices (CF and Igeo),
GIS-based spatial analysis, human health risk assessment (HHRA), and multivariate statistical

approaches.

Overall, Cd is identified as the primary contaminant of concern, showing pronounced hotspot
enrichment near industrial zones, particularly the El Hadjar steel complex Although HHRA
results indicate that both non-carcinogenic and carcinogenic risks currently remain within
acceptable limits, children consistently exhibit higher exposure levels than adults, highlighting
increased vulnerability to soil-associated contaminationFrom a management perspective, the
findings support a shift from descriptive assessment toward risk-based environmental
governance. Priority attention should be given to Cd hotspot areas through continuous
monitoring systems capable of tracking temporal changes and supporting early-warning
decision-making. Risk-informed land-use planning is recommended, including restrictions on
sensitive uses such as playgrounds, schools, and childcare facilities near highly contaminated
sites (e.g., Site P-24). Exposure mitigation strategies should include reducing direct soil-human

contact and limiting resuspension of contaminated dust. Public awareness programs should
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discourage home vegetable cultivation in metal-enriched soils to minimize cadmium transfer

through the food chain.

At the industrial governance level, strengthening emission control at the source through cleaner
production technologies and stricter compliance mechanisms remains essential. These
measures should be complemented by the integration of Environmental, Social, and
Governance (ESG) frameworks within major industrial zones such as the El Hadjar steel
complex, improving transparency and corporate accountability in emission reporting (Yan et

al., 2025).

Long-term soil monitoring programs are essential to evaluate contamination dynamics, assess
mitigation effectiveness, and support adaptive environmental management strategies in rapidly

urbanizing regions.

Finally, while this study is based on total metal concentrations, future research should
incorporate chemical speciation analysis, particularly for chromium, to distinguish between
Cr(IIl) and Cr(VI). This distinction is essential for accurately characterizing toxicity, mobility,
and bioavailability, thereby improving exposure assessment and strengthening risk-informed

environmental decision-making.
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Table S1. Sampling points and geographic coordinates in decimal degrees of 25 soil samples

from the Annaba City region.

Points Longitude(X) Latitude(Y)
P-01 7.723333 36.918056
P-02 7.734722 36.918056
P-03 7.745833 36.918056
P-04 7.756667 36.918056
P-05 7.7652 36.918056
P-06 7.723333 36.909167
P-07 7.734722 36.909167
P-08 7.745833 36.909167
P-09 7.756667 36.909167
P-10 7.768056 36.909167
P-11 7.723333 36.9
P-12 7.734722 36.9
P-13 7.745833 36.9
P-14 7.756667 36.9
P-15 7.768056 36.9
P-16 7.723333 36.890556
P-17 7.734722 36.890556
P-18 7.745833 36.890556
P-19 7.756667 36.890556
P-20 7.7652 36.890556
P-21 7.723333 36.881944
P-22 7.734722 36.881944
P-23 7.745833 36.881944
P-24 7.756667 36.881944
P-25 7.7652 36.881944




1152 Table S2. Positions and pH of 25 soil samples from the Annaba City region.

Positions pH

P-01 7.5

P-02 7.7

P-03 7.8

P-04 7.7

P-05 7.7

P-06 7.8

P-07 7.8

P-08 7.7

P-09 7.6

P-10 7.7

P-11 7.7

P-12 7.7

P-13 7.7

P-14 7.6

P-15 7.6

P-16 7.5

P-17 7.4

P-18 7.2

P-19 7.3

P-20 7.9

P-21 7.5

P-22 7.7

P-23 7.6

P-24 7.6

P-25 7.9
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162

1163



1164  Table S3. Concentrations of Cu, Cr and Cd in the soils from the Annaba City region (mg.kg™)

1165 compared to the French regulatory limits according to AFNOR U44-041 and the background

1166 value in the soil.
1167
Position Cd Cu Cr
P-01 0.12 36.82 32.05
P-02 0.30 30.56 72.10
P-03 0.14 45.35 23.25
P-04 0.28 35.23 80.57
P-05 0.15 50.54 35.24
P-06 0.18 37.45 48.23
P-07 0.37 41.28 15.24
P-08 0.46 36.95 34.89
P-09 0.36 41.66 49.68
P-10 2.57 37.52 62.54
P-11 0.43 41.54 31.56
P-12 0.30 39.94 78.25
P-13 0.28 99.68 108.90
P-14 6.08 87.56 54.58
P-15 1.18 85.86 42.56
P-16 0.36 68.65 69.63
P-17 0.14 45.87 56.28
P-18 1.71 52.24 45.92
P-19 10.15 106.35 121.24
P-20 1.30 109.68 55.43
P-21 0.54 87.56 85.38
P-22 0.39 136.85 47.39
P-23 0.62 152.17 58.36
P-24 14.01 105.64 69.45
P-25 1.11 123.19 70.56
Min 0.12 30.56 15.24
Max 14.01 152.17 121.24
Interval 0.12 - 14.0130.56 — 152.1715.24 — 121.24
Mean 1.74 69.45 57.97
Background values  0.097 22.6 61
Regulatory limit 2 100 150
1168

1169
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