< sustainability MoPY

Article

Heavy Metal Contamination, Source Identification, Human
Health Risk and Sustainability Assessment of Soils Across
Industrial, Agricultural, and Residential Land-Use Areas in
Rivers State, Nigeria

Chinazo Ndidiamaka Anunobi *, Qingyue Wang *'/, Miho Suzuki, Tochukwu Oluwatosin Maduka
and Afia Sultana

Christian Ebere Enyoh

W) Check for updates

Academic Editor: Iason Verginelli

Received: 17 June 2026

Revised: 20 July 2026

Accepted: 23 July 2026

Published: 27 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

4

Graduate School of Science and Engineering, Saitama University, 255 Shimo-Okubo, Sakura-ku, Saitama 338-8570,
Japan; miho@fms.saitama-u.ac.jp (M.S.); tochukwumaduka.edu@gmail.com (T.O.M.); cenyoh@gmail.com (C.E.E.);
sultana.a.052@ms.saitama-u.ac.jp (A.S.)
* Correspondence: chinazoanunobi@gmail.com (C.N.A.); seiyo@mail.saitama-u.ac.jp (Q.W.);

Tel.: +81-070-8520-9646 (Q.W.)

Abstract

Heavy metal contamination poses significant ecological and public health concerns due to
its persistence, toxicity, and bioaccumulative potential of toxic metals, threatening environ-
mental quality and sustainable development. This study evaluated the distribution, pollu-
tion status, health risks, and sources of heavy metals in soils from industrial, agricultural,
and residential areas of Rivers State, Nigeria, using Inductively Coupled Plasma—Mass
Spectrometry (ICP-MS). Elevated concentrations of As, Mn, Se, Zn, and Co were detected
across the study locations. Arsenic recorded the highest concentration in the Trans-Amadi
industrial area (366.8 mg/kg), while Mn and Zn reached maximum concentrations of
1312 mg/kg and 327.9 mg/kg in Woji and Egi, respectively, exceeding the DPR limits
for soil HMs. Pollution indices, including contamination factor, geo-accumulation index,
enrichment factor, pollution load index, and Nemerow Integrated Pollution Index, revealed
moderate to severe contamination, with the industrial zone exhibiting a NIPI value of 12.5.
Health risk assessment identified ingestion as the dominant exposure pathway. Hazard
quotient values for As (9.15) in the children category exceeded USEPA-acceptable limits,
indicating potential non-carcinogenic risks. Carcinogenic risk assessment identified arsenic
as the principal carcinogenic contaminant, with ingestion-derived Incremental Lifetime
Cancer Risk (ILCR) values in the industrial area exceeding the USEPA maximum accept-
able lifetime cancer risk threshold (1 x 10~%), particularly among children, whereas the
carcinogenic risks associated with the other investigated metals generally remained within
acceptable or tolerable limits. Source identification indicated that industrial emissions, ve-
hicular activities, waste disposal, and agricultural practices were the primary contributors
to heavy metal accumulation. These findings provide critical scientific evidence for targeted
remediation, pollution prevention, and informed health-risk environmental management
to protect soil quality, ecosystem integrity, and public health. The study supports evidence-
based policies that advance sustainable land management, environmental protection, and
progress in Rivers State, Nigeria.

Keywords: heavy metals; environmental sustainability; soil pollution; health risk assessment;
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1. Introduction

Heavy metals (HMs) are a highly dense and toxic group of elements that pose as a
pervasive threat to global ecosystems. While they exist naturally within the Earth’s crust,
human activities, primarily industrial manufacturing, resource extraction, and modern
farming, frequently release these pollutants into the environment [1,2]. Despite its status
as Africa’s most populous country and a major economic powerhouse, Nigeria possesses
substantial crude-oil reserves estimated at approximately 35-36 billion barrels; while the
nation’s vast mineral and oil resources have propelled its economy forward, however,
Nigeria faces severe environmental crises driven by heavy metal pollution [3,4]. Decades
of petroleum exploration and production, gas flaring, unregulated artisanal petroleum
refining, oil bunkering, pipeline vandalism, sabotage, spill events, and other anthropogenic
activities in the Niger Delta have resulted in extensive HM contamination by Pb, Cd, Ni, Cr,
Cu, Zn, and other potentially toxic elements. These persistent pollutants have accelerated
soil degradation, biodiversity loss, and ecosystem dysfunction, while posing serious risks to
human health, agricultural productivity, and water quality. Consequently, they undermine
environmental sustainability and compromise sustainable land use [5,6]. Inappropriate
means of waste disposal, municipal landfill solid waste, organic and inorganic fertilizer,
pesticides and organic manure application are the major contributors to heavy metal con-
tamination in residential and agricultural areas [7-9]. This widespread contamination
severely alters environmental health and human well-being. HMs like arsenic, cadmium,
chromium, lead, and mercury are especially hazardous because of their high toxicity and
tendency to accumulate in the tissues of living organisms over time [10,11]. Chronic expo-
sure to heavy metals has been widely reported to induce adverse biological effects through
damage to cellular organelles and critical macromolecules, particularly DNA and nuclear
proteins, resulting in oxidative stress, disrupted cell-cycle regulation, apoptosis, genotoxic-
ity, and an increased risk of carcinogenesis [12]. The toxicological effects of heavy metals
are both metal-specific and systemic. For instance, lead (Pb) is associated with neurologi-
cal, skeletal, cardiovascular, endocrine, immune, and hematological dysfunction, whereas
cadmium (Cd) is classified as a human carcinogen because of its cumulative toxicity and
carcinogenic potential [13]. Cardiovascular toxicity has also been reported for cobalt (Co)
and barium (Ba), with chronic cobalt exposure linked to progressive cardiomyopathy and
heart failure, while soluble barium compounds may induce hypokalaemia and potentially
fatal cardiac arrhythmias [14]. Furthermore, arsenic (As) exposure during pregnancy has
been associated with fetal growth restriction, preterm birth, developmental neurotoxicity,
and impaired reproductive outcomes, whereas excessive manganese (Mn) exposure has
been implicated in fetal developmental impairment and reduced cognitive function during
childhood [15]. These health concerns are particularly relevant in the Niger Delta, where
continuous exposure through contaminated soil may increase the vulnerability of pregnant
women and children. Moreover, residents are frequently exposed to complex mixtures
of heavy metals rather than individual contaminants, and increasing evidence suggests
that the combined toxicity of multiple metals may produce additive or synergistic adverse
health effects that exceed those associated with single HM exposure [16].

Several studies have investigated HM pollution in soils across Rivers State and
the wider Niger Delta region using different analytical approaches. For example,
Edori et al. [17] reported varying concentrations of HMs in soils collected from higher
institutions in Rivers State, with some HMs exceeding recommended guideline values.
Okechukwu et al. [18] assessed heavy metal contamination in municipal dumpsites using
contamination factor (CF), pollution load index (PLI), and geo-accumulation index (Ige),
reporting generally low to moderate contamination levels. Similarly, Iyama et al. [19]
documented elevated cadmium concentrations in agricultural soils within Port Harcourt,
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whereas Ohiagu et al. [20] identified anthropogenic activities as the dominant source of HM
contamination in soils surrounding dumpsites in Onne. Comparable studies conducted
across the Niger Delta have consistently demonstrated that land-use practices and anthro-
pogenic activities exert a strong influence on HM pollution in soils. Agbai and Agbai [21]
reported significant variations in HM concentrations among four land-use types, including
palm plantation, plantain plantation, fallow land, and virgin land in Bayelsa State, iden-
tifying land use as a primary determinant of soil pollution. Similarly, Iwegbuo et al. [22]
observed significant spatial variations in HM concentrations across nineteen urban land-
use categories in Benin, Niger Delta, encompassing industrial, residential, agricultural,
and commercial areas, further confirming the dominant role of land-use characteristics
in controlling soil HM distribution. However, their investigation was restricted to sur-
face soils (0-15 cm ) sieved to <2 mm particle size. Likewise, Okoye et al. [23] reported
that HM accumulation in Niger Delta soils was governed by both lithogenic processes
and anthropogenic inputs, particularly crude oil exploitation and industrial emissions.
Izah et al. [24] investigated cassava mill effluent-contaminated soils and demonstrated
localized HM enrichment associated with agro-industrial activities, whereas Kudamnya
et al. [25] evaluated HMs in soils and water using atomic absorption spectrophotometry
(AAS) and integrated geochemical indices with multivariate statistical techniques to iden-
tify pollution sources and environmental risks in the eastern Niger Delta. Although HM
pollution across the Niger Delta has been widely documented, the majority of existing
regional investigations have relied on bulk surface-soil characterization (typically <2 mm
particle size) using relatively lower-resolution analytical techniques such as AAS or X-ray
fluorescence (XRF). Consequently, these studies provide limited information on the vertical
migration, fine-particle-associated enrichment, and depth-dependent geochemical behavior
of HMs throughout the soil profile. Moreover, the influence of ultra-fine soil fractions,
which possess greater specific surface area, enhanced adsorption capacity, and stronger
affinity for HMs, remains largely unexplored despite their critical role in pollutant reten-
tion, mobility, and potential human exposure. Consequently, previous investigations in
Rivers State and other parts of the Niger Delta have predominantly focused on individual
pollution sources (e.g., oil spills, dumpsites, agricultural lands, or cassava-processing sites),
single land-use categories, or shallow surface soils, with comparatively little emphasis on
integrated assessments spanning multiple contrasting land-use systems and subsurface
horizons. As a result, a comprehensive understanding of the three-dimensional spatial dis-
tribution, vertical transport, source characterization, and environmental behavior of HMs
within the Niger Delta remains limited. To overcome these limitations, the present study
establishes a high-resolution, three-dimensional geochemical assessment framework by
integrating ultra-fine particle fraction analysis (<32 um) with Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS) across three soil horizons (0-10, 10-50, and 50-100 cm) within
industrial, agricultural, and residential environments. This analytical strategy enables
more sensitive detection of HMs, improved discrimination of anthropogenic signatures,
and enhanced characterization of HM pollutant migration pathways. HM pollution was
further evaluated using complementary pollution indices, including the contamination
factor (CF), enrichment factor (EF), geo-accumulation index (Ig), pollution load index
(PLI), Integrated Pollution Index (IPI), and Nemerow Integrated Pollution Index (NIPI).
Unlike previous studies conducted in Rivers State and the wider Niger Delta, this study pro-
vides a comparative, depth-resolved, multi-land-use, and multi-index assessment within a
unified analytical framework. By coupling high-resolution ICP-MS with ultra-fine particle
characterization and comprehensive pollution assessment, the study offers a more robust
understanding of heavy metal distribution, source identification, contamination status,
and potential human health risks. The findings provide valuable baseline information
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for long-term environmental monitoring while generating scientific evidence to support
sustainable land-use management, pollution mitigation strategies, environmental policy
formulation, and the protection of soil quality, ecosystem integrity, and public health in
Rivers State, the Niger Delta region.

2. Materials and Methods
2.1. Study Area and Soil Sampling

This study was conducted in Rivers State, Niger Delta, Nigeria (Figure 1). The Niger
Delta, which supports a population of approximately 25 million people, is one of the
world’s most important petroleum-producing regions and has experienced extensive indus-
trialization, urbanization, and agricultural development. These activities have contributed
to increasing concerns regarding HM contamination of soils. Three land-use categories
were investigated, namely industrial (Trans-Amadi), agricultural (Egi), and residential
(Woji). A stratified purposive sampling strategy was adopted to ensure that the dominant
land-use types and their associated anthropogenic activities were adequately represented.
Sampling locations were selected based on (i) the intensity of human activities, (ii) prox-
imity to potential heavy metal sources, (iii) accessibility, and (iv) the representativeness
of the predominant land-use characteristics within each area. Egi (agricultural area), lo-
cated between 6.80° E-7.30° E longitude and 5.20° N-5.50° N latitude, is characterized
predominantly by cultivated farmlands, natural vegetation, and scattered rural settlements.
Agricultural activities in this area include intensive crop cultivation with regular applica-
tion of fertilizers, pesticides, and organic manure. Sampling sites were established within
active farmland and were generally located within the cultivated fields, away from major
roads and industrial facilities. Woji (residential area), located between 7.20° E-7.50° E
longitude and 5.00° N-5.30° N latitude, is a densely populated urban environment compris-
ing residential buildings, commercial centers, markets, and road networks. Trans-Amadi
(industrial area), located between 7.10° E-7.40° E longitude and 4.50° N—4.80° N latitude,
is one of the largest industrial estates in Rivers State and hosts petrochemical indus-
tries, oil servicing companies, manufacturing facilities, mechanical workshops, and heavy
vehicular traffic.
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Figure 1. Location of the study area and soil sampling sites in Rivers State, Nigeria. Sampling was
conducted across three land categories: Trans-Amadi (TA) industrial area, Egi agricultural area, and
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Woji (W]) residential area. Three sampling sites (SS1-553) were established within each location,
yielding a total of 27 soil samples collected at three depth intervals (0-10 cm, 10-50 cm, and 50-100 cm).
Each land area category contributed nine samples. The inset map shows the location of Rivers State
within Nigeria, while the main map displays the spatial distribution of sampling sites used for
assessing HM contamination.

2.2. Soil Sampling and Collection

Sampling locations were selected using a stratified purposive sampling strategy to
ensure adequate representation of the three dominant land-use categories in Rivers State,
namely industrial (Trans-Amadi), agricultural (Egi), and residential (Woji). The selected
locations were chosen because they represent areas with contrasting anthropogenic ac-
tivities and varying potential sources of HM contamination. Specifically, Trans-Amadi
is characterized by intensive petrochemical operations, manufacturing industries, auto-
mobile workshops, and heavy vehicular traffic; Egi is predominantly an agricultural area
where crop cultivation is supported by the routine application of fertilizers, pesticides,
and organic manure; while Woji is a densely populated residential area influenced by
urban activities, commercial establishments, municipal waste generation, and road traffic.
Within each land area category, three spatially separated sampling sites, designated as
Sampling Site 1 (S51), Sampling Site 2 (SS2), and Sampling Site 3 (553), were established to
account for spatial variability in soil HM concentrations. Sampling sites were selected to
represent the predominant land zone characteristics of each area while remaining in close
proximity to potential pollution sources. In the industrial area (Trans-Amadi), sampling
sites were located approximately 100-300 m from major industrial facilities and principal
road corridors. In the residential area (Woji), sampling sites were situated approximately
50-100 m from major roads, commercial centers, and residential developments. Agricul-
tural sampling sites in Egi were established within actively cultivated farmlands and away
from direct industrial influences, where agricultural inputs constitute the primary potential
source of heavy metals. Soil sampling was conducted between December 2024 and January
2025. At each sampling site, soil samples were collected using a calibrated stainless-steel
hand auger from three depth intervals (0-10 cm, 10-50 cm, and 50-100 cm) to evaluate
the vertical distribution of heavy metals. Approximately 50 g of soil was collected from
randomly selected locations withina 1 m x 1 m quadrat. A minimum of five subsamples
were collected at each depth and thoroughly homogenized to produce one composite
representative sample. This compositing approach was adopted to minimize small scale
spatial heterogeneity and provide representative soil samples for each sampling location.
Overall, 27 composite soil samples were collected, comprising three land-use categories,
three sampling sites and three sampling depths. Approximately 500 g of homogenized soil
was obtained for each composite sample, wrapped in pre-labeled aluminum foil and stored
at 4 °C until analysis. Prior to transportation of the samples to Japan, the necessary import
permit was obtained from the Ministry of Agriculture, Forestry and Fisheries, Yokohama
Plant Protection Station, Japan. Although the stratified purposive sampling approach
improved the representativeness of each sampling site, the relatively limited number of
sampling locations may not fully capture the spatial heterogeneity of HM distribution
across Rivers State.

2.3. Sample Pre-Treatment and Preparation

For the determination of HM concentrations illustrated in Figure 2, the soil samples,
were initially dried, then ground to a fine homogenous particle size, before they were
transferred into a Retsch AS 200-digit vibrating sieve shaker (Retsch GmbH, Tokyo, Japan)
to separate the soil particles using a sieve size of <32 pm, set to an amplitude of 60 Hz, for
20 min. Fifty milligrams of each of the resulting soil samples obtained after the sieving
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process were weighed using a weighing balance. Each sample was placed in a 100 mL
glass beaker. Subsequently, analytical grade reagents (HCL and HNO3) of aqua regia
consisting of 15 mL of 36% HCL and 5 ml of 63% HNO3 were prepared in a 1000 mL
beaker, then 20 mL of the aqua regia were measured and poured into each of the 100 mL
beakers containing the weighed soil samples. The mixture (samples + aqua regia) was
heated using a hotplate set at 150 °C for 90 min until no traces of reddish-brown fumes
were observed. The digest realized after the digestion process was reduced to 1 ml or
left until almost dry. The digest was allowed to cool to room temperature, and a diluted
solution was prepared using of 20 mL of 2% nitric acid and an appropriate percentage of
Type-1 Milli-Q water or distilled water. Subsequently, 20 mL of the solution was added to
each of the digest, and allowed to sit for some time. Whatman filter paper (5C, 110 mm
diameter, 11 um pore size) was used to filter the samples. The filtered samples were stored
in the refrigerator at a temperature of 4 °C until heavy metal analysis. The concentrations
of heavy metals were quantified using Inductively Coupled Plasma—-Mass Spectrometry
(ICP-MS NexION 350D, Perkin Elmer, Waltham, MA, USA) at the Center for Environmental
Science, Saitama, Japan. Analytical measurements were conducted at a plasma gas flow
rate of 18.00 L min~!, auxiliary gas flow rate of 1.20 L m~! n~!, nebulizer gas flow rate of
0.98 L~! min~!, and RF power of 1600 W. Prior to instrumental determination of the HM
digested samples, sample solutions were diluted with 3% HNOj and spiked with a yttrium
(Y) internal standard to improve measurement reliability and correct for instrumental
drift. During the HM analysis, the ICP-MS was switched on using a tuning standard
solution. This was performed to set up the analytical conditions. Multi-elemental standard
XSTC-662 solutions (Spex CertiPrep, Metuchen, NJ, USA) were used to create calibration
curves. Acceptable curves for calculating the concentrations of the selected metals were
those within the 0.999 range. Quality assurance/quality control (QA/QC) procedures
were performed for HM estimation in the soil samples. After acid washing, deionized
water was used to rinse the glassware during and after the digestion process. Certified
reference materials (CRMs) (Gobi Kosa Dust, NIES CRM No. 30) which were digested and
analyzed were used to evaluate method accuracy [26]. Analytical precision was assessed
by triplicate analysis of each digested sample solution, and the relative standard deviation
(RSD) of replicate measurements was mostly below 5%, indicating excellent analytical
precision and repeatability of the ICP-MS measurements. Procedural blanks were included
throughout the digestion and analytical procedures to monitor potential contamination,
and no significant contamination was detected. Method accuracy was evaluated based
on CRM recoveries, which were 107% for Cu, 100% for Zn, 93% for Mn, 85% for Cr, 95%
for Co, 86% for Pb, 97% for Cd, and 85% for Ni [26]. These recovery values fall within
the generally accepted range (80-120%) for HM analysis, confirming the reliability of
the analytical procedure. Multi-element calibration standards were used for instrument
calibration, and the calibration curves generated by external multi-point linear regression
exhibited excellent linearity for all analytes, with coefficients of determination (R?) ranging
from 0.997 to 0.999, indicating a strong linear relationship between analyte concentration
and instrumental response. Instrument calibration was verified by recalibrating the ICP-
MS after every ten sample measurements to minimize instrumental drift and maintain
analytical stability throughout the analytical sequence. The method limits of detection
(LODs) for Mn, Cr, Cu, Ni, Co, Zn, Pb, and Cd were 0.041, 0.018, 0.048, 0.088, 0.009, 0.067,
0.085, and 0.001 ng mL~!, respectively, demonstrating the high sensitivity of the analytical
method for HM determination in soil samples.
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Figure 2. Schematic representation of the soil sample preparation and analytical procedure used for
HM determination. (a) Soil samples were sieved to <32 um and (b) 50 mg aliquots were accurately
weighed. (c) Samples were digested with 20 mL of freshly prepared aqua regia (36% HCl:63% HNO3),
(d) at 150 °C for 90 min, (e) filtered through 11 pum pore-size filter paper, (f) diluted with 2% HN33 and
Milli-Q water, (g) reduced to a final volume of 1 mL and (h) analyzed for heavy metal concentrations
using ICP-MS.

2.4. Data Analysis and Statistics

Statistical analysis was performed on the heavy metal data using MS Excel 2013 and
SAS on demand for academics software (SAS 9.4). To evaluate whether HM concentrations
differed significantly among land-use categories, soil depths, and sampling locations, a
three-way analysis of variance (ANOVA) was performed using land-use type (industrial,
agricultural, and residential), soil depth, and sampling site as fixed factors. Correlation
analysis was used to assess the relationships between the analyzed heavy metals. The con-
tamination factor (CF), index of accumulation (Ig) and enrichment factor (EF) were used
to determine the pollution condition of the soil. The pollution load index (PLI), Integrated
Pollution Index (IPI) and Nemerow Integrated Pollution Index (NIPI) were employed to
determine the degree of soil degradation and pollution risk at the study locations. Principal
component analysis (PCA) and hierarchical cluster analysis (HCA) were used to determine
the precise origin of HM pollutants in soil [27]. PCA was subsequently performed on the
standardized correlation matrix to identify the major patterns of association among the
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investigated HMs and to explore potential sources of pollution. Principal components
with eigenvalues greater than 1.0 (Kaiser’s criterion) were retained for interpretation, and
the scree plot was used to verify the number of meaningful components retained. Conse-
quently, the interpretation of the PCA was based on the standardized variables, eigenvalues,
percentage of explained variance, and loading patterns of the retained components. The
resulting loading structure provides qualitative insights into the relationships among HMs
and the environmental processes potentially influencing their distribution.

2.5. Contamination Factor (CF), Geo-Accumulation Index (Igeo) and Enrichment Factor (EF) of the
Analyzed Heavy Metals at the Three Different Land Zones of Rivers State, Nigeria

Contamination factor quantifies the extent of HM pollution in soil and is calculated
as the ratio of the measured metal concentration to its background concentration. C,
is the HM concentration in soil samples, and C, represents the reference value of the
Department of Petroleum Resources (DPR) and adopted referenced limits of HMs. The CF
is classified as follows: CF < 1 means ‘low contamination’, 1 < CF < 3 indicates ‘moderate
contamination’, 3 < CF < 6 shows ‘considerable contamination’, and CF > 6 denotes ‘very
high contamination’ [27].

The geo-accumulation index (Ige), as shown in Table 1, was proposed by Miiller and
has been widely used in studies of HMs. HM pollution in the soil can be calculated by
comparing the HM values with the background values.

Where C,, is the measured concentration (mg/kg) of each HM found at study location,
and B, represents the background value (mg/kg) of the HMs found in soil [28,29].

Table 1. Miiller’s geo-accumulation index (lg,) classes and corresponding pollution intensity levels
(Muller [30,31]).

Igeo Value Igeo Class Pollution Intensity
Igeo <0 0 Unpolluted

0<lgep <1 1 Unpolluted to moderately polluted

1<lgeo <2 2 Moderately polluted

2< Igeo <3 3 Moderately to heavily polluted

3 <lg <4 4 Heavily polluted

4<lgp <5 5 Heavily to extremely polluted
Loeo >5 6 Extremely polluted

The EF for the HMs were obtained by estimating the ratio between the metal concen-
tration and the baseline or background value. In EF determination, a metal of geological
origin is mostly considered in determination of the reference metal [31]. In this study,
manganese was used as the reference HMs, similar to [32]. The permissible limit of 437 was
utilized as the background value of Mn in this study.

Where C, is the reference metal concentration, Cy is the concentration of the HMs of
interest in the soil sample. EF is grouped based on these categories: deficiency to minimal
pollution; EF > 2, moderate pollution; 2 < EF < 5, significant pollution; 5 < EF < 20, very
high pollution; 20 < EF < 40 and extremely high pollution is when EF > 40 [31,33].

The CF, I¢., and EF of the soil samples was calculated using the equations below.

Cn
CF = 1
Cref ( )
Igeo = L0g2(1.5 x Bn> @
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EF = (Cnmetal ) sample + (Cn;\vjletal > background ©)]
n

2.6. Pollution Load Index (PLI), Integrated Pollution Index (IPI) and Nemrow Integrated Pollution
Index (NIPI or Py) of the Heavy Metal Concentrations at Different Locations of Rivers State

To comprehensively evaluate the overall degree of HM pollution in the investigated
soils, three integrated pollution indices, namely the pollution load index (PLI), Integrated
Pollution Index (IPI), and Nemerow Integrated Pollution Index (NIP]I, also referred to as
Py), were employed. These indices provide an integrated assessment of HM pollution
status by combining the concentrations of multiple HMs into a single pollution metric,
thereby facilitating comparison among different sampling locations. These indices assess
the extent of pollution in the study area. The pollution load index (PLI) was used to
evaluate the overall level of HM pollution at each sampling location by integrating the
contamination factors (CFs) of the analyzed HMs [33]. The CF for each HM was calculated
relative to its corresponding background concentration of the Department of Petroleum
Resources (DPR) target values and referenced geochemical background values. The PLI
was calculated using Equation (4) below:

PLI = (CF, x CFy x CF3 X,...,x CFy)/? (4)

where 1 represents the number of analyzed HMs and CF is the contamination factor of
each HM.

Based on the criteria proposed by Tomlinson et al. [34], a pollution load index (PLI)
value <1 indicates an unpolluted or baseline condition, whereas a PLI value > 1 reflects
progressive deterioration of soil quality resulting from heavy metal (HM) contamination.
The Integrated Pollution Index (IPI) was employed to evaluate the cumulative pollution
level resulting from all analyzed HMs. Unlike individual contamination factors, the IPI
provides an overall measure of pollution intensity by averaging the pollution indices of all
HMs at each sampling location. According to the classification of subsequent studies [27],
the pollution levels are categorized as follows: IPI < 1: Low pollution; 1 < IPI < 2: Moderate
pollution; and IPI > 2: High pollution.

The Nemerow Integrated Pollution Index (NIPI, also denoted as Py) was used to
provide a more comprehensive assessment of soil pollution by simultaneously considering
both the average pollution level and the maximum pollution index among all analyzed
HMs. Consequently, the Nemerow Integrated Pollution Index (NIPI) is widely regarded as
a more sensitive and comprehensive indicator of overall HM pollution than indices based
solely on mean pollution levels, as it incorporates both the average pollution status and the
maximum pollution intensity, allowing for the detection of localized pollution hotspots [27].
The NIPI was calculated using Equation (5):

2 2
NIPI — VP zmaxz—i-P iave 5)

where Pj,;, is the maximum pollution index and P, is the average pollution index for all
analyzed HMs. The pollution status based on NIPI was classified according to the following
criteria [27]: NIPI < 0.7: Unpolluted; 0.7 < NIPI < 1.0: Warning level; 1.0 < NIPI < 2.0:
Slight pollution; 2.0 < NIPI < 3.0: Moderate pollution; and NIPI > 3.0: Heavy pollution.
Compared with PLI and IPI, the NIPI provides a more balanced evaluation of con-
tamination status because it incorporates both the average pollution level and the highest
pollution intensity observed among the analyzed HMs. Both geochemical background con-
centrations and Department of Petroleum Resources (DPR/EGASPIN) regulatory threshold
values were employed as background reference concentrations in the calculation of the
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pollution indices. This approach ensured a comprehensive and consistent evaluation
of all investigated HMs by applying the most appropriate and scientifically justifiable
background reference concentration for each HM.

2.7. Human Health Risk Assessment of the Analyzed HMs from Rivers, State Locations

Human exposure to HMs in soil was evaluated by the estimating of risk, determined
through average daily dose (ADD), hazard quotient (HQ), hazard index (HI), and lifetime
carcinogenic risk (LCR) coefficients. Average daily dose, ADD, of three exposure path-
ways of soil including ingestion (ADDj;,¢), inhalation (ADD;y,;), and dermal (ADD gepyyq1) in
mg/kg/day of metals including V, Cr, Mn, Zn, Co, Ni, Cu, As, Mo, Pb, Cd and Se was
calculated by using these formulas below.

IngR x EF x ED

_ —6
ADDjyg = € x 8 22 10 ©6)
InhR x EF x ED
ADDiny = C X 5EE - BW x AT @)
A x AF x ABS x EF x ED
ADD oy = C x SAXAEXABS X EFXED )6 )

BW x AT

where C is the concentration of heavy metals (mg kg~!); IngR is the soil ingestion rate
(200 mg d~' y~! for children and 100 mg~! day~! for adults); EF is the exposure fre-
quency (350 day ! year~1!); ED is the exposure duration (6 years for children and 24 years
for adults); BW is the average body weight (15 kg for children and 70 kg for adults);
AT is the averaging time, calculated as ED x 365 days for non-carcinogenic risk assess-
ment and 70 x 365 days (25,550 days) for carcinogenic risk assessment; [nhR is the inhala-
tion rate (20 m® day ! for both adults and children); PEF is the particle emission factor
(1.36 x 10° m? kg’l),‘ SA is the exposed skin surface area (2800 cm? for children and
5700 cm? for adults); AF is the soil-to-skin adherence factor (0.2 mg cm—2 for children and
0.07 mg cm 2 for adults); and ABS (dermal absorption factor) is 0.001. The average daily
dose via ingestion (ADDj;,¢), inhalation (ADDj,,), and dermal contact (ADDey,) for V, Cr,
Mn, Co, Ni, Cu, Zn, As, Mo, Cd, Pb, and Se were calculated using the corresponding expo-
sure equations described above. For carcinogenic risk assessment, the Lifetime Average
Daily Dose (LADD) was calculated using the lifetime averaging time (25,550 days), and the
Incremental Lifetime Cancer Risk (ILCR) was subsequently estimated using the correspond-
ing cancer slope factors. Unless otherwise specified, identical exposure parameters were
applied across all exposure pathways. The selected exposure parameters were adopted
from the U.S. Environmental Protection Agency (USEPA) human health risk assessment
guidance and the related literature [33].

2.7.1. Non-Carcinogenic Health Risk Assessment of Rivers Industrial, Agricultural and
Residential Locations

The HQ was calculated as the ratio of average daily dose to reference dose
(HQ = ADD/RfD) of the HMs presented in Table 2 [33,35]. The hazard index (HI) was
computed by the summation of the total expected HQs (non-carcinogenic risks) through
inhalation, oral, and dermal pathways, and the non-carcinogenic risks of different contami-
nants through the 3 exposure routes mentioned above are computed through its utilization.
The HQ and HI were computed through the utilization of the equations below:

116 — ADDing .
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HO = inh 1
Q=-—F2mp D (10)
ADD,
HO — erm 11
HI = ZHQ = HQingestion + HQinhulution + HQdermul (12)

Table 2. Toxicological reference values (RfD and CSF) for heavy metal exposure via ingestion,
inhalation, and dermal pathways.

RfD (mg/kg x d)

CSF (mg/kg x d)

HMs Ingestion Inhalation Dermal Ingestion Inhalation Dermal References
Cr 3.00 x 1073 2.86 x 1072 6.00 x 107> 8.50 x 1073 420 x 10! [36]
Mn 4.60 x 1071 1.43 x 1075 1.84 x 1073 [36,37]
Co 2.00 x 1072 5.71 x 107® 1.84 x 1073 [36,37]
Ni 2.06 x 1072 2.06 x 1072 5.40 x 1073 8.4 x 1071 [36]
Cu 4.00 x 1072 402 x 1072 1.20 x 1072 [36,37]
Zn 3.00 x 1071 3.00 x 107! 6.00 x 1072 [36,37]
As 3.00 x 104 1.23 x 1074 1.23 x 10~* 1.50 1.50 3.66 [36]
Cd 1.00 x 1073 1.00 x 1075 1.00 x 107> 6.1 6.30 [36,37]
Pb 3.50 x 1073 352 x 1072 52 x107* 8.50 x 1073 [36]
Se 5x 1073 na na [35,38]
Mo 5x 1073 na 1.9 x 1073 [35,39]
\Y 7 x 1073 na 7 x 1073 [35,40,41]

na denotes not available.

2.7.2. Carcinogenic Risk (CR) of the Analyzed HMs from the Study Locations of
Rivers State

The ILCR was calculated by multiplying the LADD and the cancer slope factor (Table 2)
for each HM for all exposure routes [33], as given by Equations (13)—(15).

ILCR = LADDjpgestion X SF (13)
ILCR = LADD:1ation X SE (14)
ILCR = LADD gyt * SF (15)

The human health risk assessment was based on total metal concentrations deter-
mined by ICP-MS following acid digestion. HM speciation (e.g., Cr (III)/Cr (VI) and
inorganic/organic arsenic) and bio-accessibility analyses were not performed. Accord-
ingly, the exposure assessment assumes that the measured metal concentrations are fully
available for human uptake, consistent with the conservative screening methodology rec-
ommended by the USEPA. Therefore, the estimated average daily dose (ADD), hazard
quotient (HQ), hazard index (HI), and Incremental Lifetime Cancer Risk (ILCR) were inter-
preted as screening-level estimates intended to identify potential health concerns rather
than definitive measures of actual human exposure [33].

3. Results and Discussion
3.1. Heavy Metal Concentration at Different Locations of Rivers State

Tables 3-5 summarize the concentration of analyzed HMs in mg/kg. The pattern of
distribution of the HMs in the Trans-Amadi industrial area (Table 3) shows high HM con-
centrations, with Zn and As having mean concentrations of 222.5 mg/kg and 366.8 mg/kg
respectively across the sampling depths, exceeding the DPR permissible limits of 140 mg/kg
and 20 mg/kg, respectively. Mn, Se, Cd and Co were all low in the industrial area, while
moderate levels of Cr and Cu were observed at this land use. This connotes the impact
of industrial activities such as metal fabrication, petrochemical operations, and vehicular
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emissions [6,8,30]. In the Egi agricultural area (Table 4), Mn exhibits the highest concentra-
tion of HMs at the 0-10 cm depth (874.5 mg/kg), far exceeding the DPR limit of 437 mg/kg.
There was a significant decrease in Mn at lower depths. The values of Zn (327.9 mg/kg),
Cr (210.8 mg/kg) and Se (2.6 mg/kg) were high compared to the DPR and Dutch/CCME
permissible limits. A similar study by Fatoba et al. [42], around the flow stations in Kokori
and Kolo Creek, Niger Delta, Nigeria, observed high values of Zn, Pb, Ni, Cr, and Cd.

Table 3. Spatial and vertical distribution of heavy metal concentrations (mg/kg) across Trans-Amadi

industrial area sampling sites and soil depths in Rivers State, Nigeria.

Sampling Site '3(311’1‘)" v Cr Mn Ni Co Cu Zn As Mo cd Pb Se
ss1 0-10  27.0+366 1037+506 123.5+559 48+159 41.1+381 316+299 1388+3.13 287.6+225 46+296 03+£004 321+27 02+003
1050  164+385 737+154 2673+549 46+085 27.1+£372 418+4.66 1740+280 1000402 20141 05+041 401+30 06001
50-100 494057 440+3.67 308+276 29+0.14 79+043 108+181 589+654 3668+417 22+022 03+006 205+50 03 +0.02
552 0-10  209+556 1437+£278 1030+476 37077 202+204 2484214 680+535 2178+231 25+104 034007 358+23 084001
1050  13.6+179 21954321 17504601 51+053 27.6+£336 338+483 788+156 807+301 184003 03+007 37.2+11 05+0.03
50-100 7.7+275 833+371 83.1+£295 40+100 2324305 209+264 689+£117 491+3.09 144048 03+£008 448+12 04+059
ss3 0-10  185+339 874+172 669+239 33+047 177+474 2774081 665+548 1734+£244 29+£025 034001 20411 014001
10-50 1324132 759+093 1665+196 48+102 250+459 307+147 880+320 35124272 18+015 03+008 329+14 06002
50-100  8.1+2.66 569+262 457+146 38+102 294+333 207+1.68 2224+356 3060+£231 26+039 04+011 215+31 0.3 +0.02
551, 552, and SS3 denote Sampling Sites 1, 2, and 3 respectively within each study area. Values are presented as
Mean/Standard Deviation (SD) of triplicate analyses.
Table 4. Concentrations of heavy metals (mg kg~!, mean 4 SD, n = 3) in agricultural soils (Egi) at
different sampling sites and depths.
Sampling Site  ePi \% Cr Mn Ni Co Cu Zn As Mo cd Pb Se
ss1 0-10  88+07 604+40 8745+50 55+06 263+49 256+38 811+30 34£03 22401 02+£002 177+17  12+01
10-50 97437  50.0+43 4201+45 59+22 128+20 213+30 851+44 26+16 09+01 01+009 284+20 15+04
50-100 97+13  672+£20 490.6+18 54+05 122+24 248+35 866+30 2706 01+£002 02+001 3L0+15 19+03
552 0-10  58+08 465+21 1456+36 32+01 111+19 182+27 731+49 16+02 06+004 014005 205+17 15+02
1050  95+08 844425 2497+15 37+19  102+40 259430 717+36 27+05 02008 02+£001 292+20 19402
50-100 113+£20 81.6+35 1349+48 41409 143+11 269+35 986+44 25+10 014002 02+001 318+18 17402
ss3 0-10 130424 1654430 6621+59 191+£26 563426 539+£28 3279+35 33+£07  06+02 024008 566462 20+02
10-50 87401 413+10 1525+28 40+07 170£39 170+19 512409 27+09  19+01  01+002 158+04 12402
50-100 167+22 2108+34 260.5+59 76+19 254+18 416+52 116361 74206  06+02 02+001 569+25 26+02
Values are expressed as mean =+ standard deviation (SD) of triplicate measurements (1 = 3). Concentrations are
reported on a dry-weight basis. Units for all metals are mg kg~
Table 5. Heavy metal concentrations (mg kg ™!, mean 4 SD) in soils from the residential area (Woji).
Sampling  Depth v cr Mn Ni Co Cu Zn As Mo cd Pb Se
ss1 0-10  78+039 6204355 131244958 60+163 137+469 3454561 281.3+423 714067 16+006 13+004 658+38 34007
1050 504240 417+368 16294610 21+016 115+336 21.0+267 950+£324 112+129 05+005 05+051 121+08 17+058
50-100 1284197 663+325 3914+452 36+127 1884216 218+164 6311445 37+018 22+033 01+£002 99414  1.1+030
552 0-10 1194294 1095+541 7865+420 61+116 207+113 3894366 17874422 1314218 18+020 124010 725437 314048
10-50  64+096 633+351 7986+336 434246 198+045 242+278 16144369 125+115 30+104 12+£011 36710 2.6+068
50-100 9.9+227 51.2+303 1693+344 39+055 1414240 146+462 556+332 27+123 21+047 01+£002 182+14 14+064
553 0-10  66+053 567354 9020+607 45+238 100+262 267+568 1504+207 2594168 17+021 124009 384+19 274036
10-50  79+185 57.4+319 4436+230 494110 174+073 248+374 90.6+3.08 324+154 18+080 11+£002 209+20 26+056
50-100 67+173 660+580 4282+268 3.0+142 80+374 303+352 11874299 294+202 16+057 11+013 324+20 25+048

The high Zn levels might be attributed to the repeated application of phosphate
fertilizers or pesticides [9]. In addition to the natural triggers of HMs deposition in the Niger
Delta region, the elevated Se concentrations observed in the agricultural soils are likely
associated with the long-term application of phosphate fertilizers and other agrochemicals,
which are recognized sources of selenium and other HMs in cultivated soils [43]. As and Cd
were observed at minimum concentration levels at the Egi location. Generally, there was a
vertical attenuation pattern 0-10 cm > 10-50 cm > 50-100 cm in most of the HMs at the Egi
agricultural location. At the Woji residential area presented in Table 5, Mn had the highest
HM value of 1312.4 mg/kg observed at the topsoil layer of 0-10 cm, which surpasses
the DPR regulatory limit of 437 mg/kg as shown in Table 6. Zn (281.3 mg/kg) and Se
(3.4 mg/kg) concentrations were also high, exceeding the DPR and CCME permissible limit
of 140 mg/kg and 1 mg/kg respectively. Mn, Zn and Se therefore emerged as the most
dominant HMs in the residential area. Pb, V and Co show low concentrations, with their
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highest values (65.8 mg/kg, 12.8 mg/kg and 6.1 mg/kg respectively) below the DPR, CCME
and Dutch permissible limit (Table 6) of 85 mg/kg, 130 mg/kg and 24 mg/kg respectively.
Se pollution in the residential area is likely attributable to mixed anthropogenic inputs,
including domestic waste disposal, atmospheric deposition, vehicular emissions, fossil fuel
combustion, and diffuse urban contamination. Similar observations have been reported in
the Niger Delta, where HM accumulation in soils was attributed to complex interactions
between petroleum-related activities, urbanization, agricultural practices, and natural
environmental processes [20]. The elevated Se concentrations observed in the agricultural
and residential soils suggest that Se pollution across the investigated soils is likely driven
by a combination of geogenic influences from selenium-bearing sedimentary materials and
anthropogenic inputs associated with agricultural practices, petroleum-related activities,
urbanization, and atmospheric deposition [43]. The environmental behavior of Se differs
markedly from that of most HMs because its mobility is primarily controlled by oxidation—
reduction conditions, soil pH, and mineralogical composition. Consequently, variations in
soil physicochemical conditions can substantially influence Se bioavailability, transport,
and environmental pollution risk [43]. There is vertical profiling of HMs across the three
land uses and the three sampling depths (0-10 cm, 10-50 cm, and 50-100 c¢m), revealing
two distinct trends. HMs such as Cr, V and Ni exhibited surface attenuation patterns
(0-10 cm > 10-50 cm > 50-100 cm) that imply surface-dominated anthropogenic inputs [7,8].
Conversely, elevated subsurface concentrations were observed for As at Trans-Amadi (SS3),
reaching 306.0 mg/kg, while Zn attained 116.3 mg/kg at Egi (SS3) within the 50-100 cm
soil layer. These elevated concentrations at depth indicate significant vertical translocation
of HM pollutants through the soil profile, reflecting long-term accumulation and the
persistence of HM pollution [6,12].

Table 6. Department of Petroleum Resources (DPR) guideline values and literature-derived back-
ground concentrations for selected heavy metals.

DPR Target Value Dutch/CCME Adopted Geochemical

Metal (mg/kg) Background Limit Background Value (mg/kg) References
As 20-29 — 20 [44]
Cd 0.8 0.8 [45,46]
Cr 100 100 [45,46]
Cu 36 36 [45,46]
Ni 35 35 [45,46]
Pb 85 85 [45-47]
Zn 140 140 [45]
Mn 437-850 437 [45,48,49]
Se 1-3.9 0.5-0.7 [48,50,51]
Mo 253 10 [49,50]
\4 130 20-120 [50,52-54]
Co 24 20 [50,52,55]

The Department of Petroleum Resources (DPR) guideline values, the Dutch National target/Canadian Council of
Ministers of environment (CCME) values and referenced geochemical background concentrations were employed
as HM background references in this study. (DPR and Dutch/CCME background) Reference values were used to
evaluate the measured heavy metal concentrations, while the DPR and the referenced geochemical background
adopted values from Kabata-Pendias [48] were employed for the evaluation of pollution indices.

The interpretation of V, Mo, Se, and Co concentrations represents a limitation of this
study because these HMs are not assigned regulatory threshold values in the current
Nigerian NUPRC/EGASPIN and other soil quality guidelines in Nigeria. Consequently,
their pollution status was assessed using internationally recognized guideline values and
published background concentrations. Although this approach provides a scientifically
accepted framework for HM evaluation, it may not fully capture site-specific environmental
conditions in Nigeria, underscoring the need to establish national regulatory thresholds for
these HMs.
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3.1.1. Effects of Land Use, Soil Depth, and Sampling Site on Heavy Metal Concentrations

The three-way ANOVA (Table 7) demonstrated that HM concentrations were signifi-
cantly influenced by land use, soil depth, sampling site, and their interactions, although
the magnitude of these effects differed among metals. The overall models were highly
significant for all investigated HMs (p < 0.001), with coefficients of determination (R?)
ranging from 0.724 (Mo) to 0.999 (As), indicating that the selected factors were explained
between 72.4% and 99.9% of the observed variability. The highest explanatory power was
obtained for As (R? = 0.999), Zn (R? = 0.997), Mn (R? = 0.996), Pb (R? = 0.956), Se (R? = 0.924),
and Ni (R? = 0.920), reflecting strong environmental control over their spatial and vertical
distributions. Land use exerted significant effects on nearly all HMs, with the strongest
responses observed for Se (F = 238.16, p < 0.001), Cd (F =76.77, p < 0.001), and As, Zn, Mn,
Cr, Co, and Ni. In contrast, Cu showed no significant land-use effect, while Pb exhibited a
comparatively weaker but significant response (p = 0.0085). A similar study [56] of crude-
oil-impacted soil analyzed a one-way ANOVA, and the results demonstrated significant
differences (p < 0.05) in Pb, As, and Cd concentrations, indicating strong anthropogenic
pollution associated with petroleum exploration and production activities [56].

Table 7. Summary of three-way ANOVA showing the effects of land-use (Treatment), soil depth,
sampling site, and their interactions on heavy metal concentrations in soils of Rivers State, Nigeria.

Metal Model F R? Treatment Depth Sampling Site Treatment x Depth Treatment x Site  Depth X Site Treatment x Depth x Site
\4 10.95 *** 0.841 il il ns *kk * * -
Cr 19.35 *** 0.903 o ok ok bk e kot otk

Mn 482.74 *** 0.996 ok e ok e ok ok o
Co 13.10 *** 0.863 o b b ot kor . o
Ni 2373 092
Cu  I1814™ 0897 ns
Zn 65057  0.997
As  3423.98**  0.999 e o i o o stk ok
Mo 5.47 *** 0.724 e ** ns 5 * ot *
Cd 16.02* 0.885 otk ok ns ot ot e ok
Pb 45.80 % 0.956 ** i *rk *xk *rk ok e
Se 25.14* 0.924 ok o ot sk ns ot st

ns means not significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001. Treatment represents land-use type
(industrial, agricultural, and residential). Model statistics are based on Type Il sums of squares.

These results indicate that differences among industrial, agricultural, and residential
areas contributed substantially to variations in HM pollution. Soil depth significantly
affected all investigated HMs, demonstrating pronounced vertical variability within the
soil profile [57]. The strongest depth effects were observed for Pb (F = 66.49, p < 0.001) and
Cd (F =29.62, p < 0.001), whereas Mo and Se exhibited relatively weaker depth-dependent
variation. These findings suggest that HM distributions are influenced by differences in
surface inputs, retention processes, and vertical migration within the soil profile [57,58].
Sampling site significantly affected the concentrations of Cr, Mn, Co, Ni, Cu, Zn, As, Pb,
and Se, indicating considerable spatial heterogeneity across the study area. Conversely, V,
Mo, and Cd showed no significant site effect, suggesting relatively uniform distributions
across sampling locations. Significant two-way (land use x depth and depth x site) and
three-way (land use x depth X site) interactions for all HMs further demonstrate that
the effects of individual environmental factors were interdependent rather than acting
independently. Among the investigated HMs, As (3423.98), Zn (650.57), and Mn (482.74)
exhibited the strongest overall model responses, followed by Pb (45.80), Se (25.14), and Cd
(16.02), highlighting their high sensitivity to the combined influence of land use, soil depth,
and site characteristics.

Overall, the three-way ANOVA provides robust statistical evidence that HM distribu-
tions in Rivers State soils are controlled by the combined effects of land use, soil depth, and
local environmental conditions. These findings support the observed spatial and vertical
variability in HM concentrations and indicate that HM pollution reflects the interaction of
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anthropogenic influences with site-specific environmental processes rather than the effect
of any single factor alone.

3.1.2. Correlation of Heavy Metals in Rivers State Study Areas

The correlation coefficients between HMs in soil samples from the industrial, agri-
cultural, and residential zones of Rivers State are presented in Table 8. Strong positive
correlations were observed between Cu and Co (r = 0.620 ***), Zn and Ni (r = 0.620 ***), Zn
and Cu (r = 0.580 ***), Cu and Ni (r = 0.570 ***), Mn and Se (r = 0.620 ***), and Pb and Zn
(r =0.560 ***). These associations suggest that these elements may share similar distribu-
tion patterns and may originate from related environmental inputs, including industrial
activities, petroleum-related operations, vehicular emissions, and urban pollution sources
prevalent within the Niger Delta region [5,7,12]. Moderate positive correlations were ob-
served between V and Ni (r = 0.510 **), Co and Ni (r = 0.500 **), and Pb and Co (r = 0.500 **),
indicating possible partial similarities in their sources or geochemical behavior. Conversely,
weak positive relationships observed between V and Cr (r = 0.350 *), Cr and Co (r = 0.360 *),
and other HMs pairs indicate weaker associations and potentially different controlling
factors. Significant negative correlations between As and Se (r = —0.410 **) and Mo and
Se (r = —0.400 **) suggest contrasting geochemical behavior or differential environmental
mobility under the prevailing soil conditions. Overall, the correlation matrix indicates that
Ni, Cu, Zn, Co, Pb, and Mn exhibit similar distribution patterns, suggesting possible shared
influences from anthropogenic activities such as petroleum-related pollution, industrial
emissions, vehicular sources, and urban waste inputs [5,12]. Therefore, the observed cor-
relations are considered supportive indicators of potential associations among HMs and
were interpreted together with complementary approaches, including enrichment factors,
pollution indices, and multivariate analyses, such as principal component analysis (PCA),
for more robust source identification.

Table 8. Pearson correlation matrix of heavy metals showing inter-element relationships and potential
source associations in the study area.

HMs v Cr Mn Co Ni Cu Zn As Mo Cd Pb Se
\ 1
Cr 0.350 * 1
Mn —0.170 —0.054 1
Co 0.17 0.360 * 0.420 ** 1
Ni 0.510 ** 0.320* 0.12 0.500 ** 1
Cu 0.450 ** 0.360 * 0.470 ** 0.620 *** 0.570 *** 1
Zn 0.099 0.11 0.480 ** 0.450 ** 0.620 *** 0.580 *** 1
As 0.017 —0.094 —0.240 —0.180 —0.190 —0.280 —0.120 1
Mo 0.510 ** 0.035 0.037 —0.100 0.340* 0.06 0.086 0.22 1
Cd —0.150 —0.080 0.490 ** —0.017 —0.056 0.25 0.380 * —0.050 0.18 1
Pb 0.15 0.330* 0.620 *** 0.500 ** 0.310* 0.700 *** 0.560 *** —0.230 —0.084 0.370 * 1
Se —0.260 0.007 0.620 *** 0.25 —0.120 0.29 0.27 —0.410*  —0.400 ** 0.540 *** 0.490 ** 1

* p < 0.05 denotes significance, ** indicates highly significance (p < 0.01), and *** shows very highly significance
(p <0.001).

3.2. Environmental Index Evaluation of the Heavy Metal Contaminants Across Industrial,
Agricultural and Residential Area of Rivers State, Nigeria

3.2.1. Index of Geo-Accumulation (Ig)

The results of the I, of the study area in Table 9 indicate that the study area is
predominantly uncontaminated to moderately contaminated for most HMs. Trans-Amadi
exhibited the highest overall geo-accumulation levels among the study locations. As, with
an Ig, of 3, is the most critical contaminant, exhibiting heavy contamination of the HMs,
particularly in the Trans-Amadi industrial area. Se, with an Ig, of 0 at 10-50 cm, showed
unpolluted condition, while Cr, Zn, Cu, Ni, and Cd were characterized as unpolluted. In a
similar study by Fatoba et al. [42], the index of I-geo results generally showed no pollution
to low pollution, except the Cr in Kolo Creek that indicated strong pollution [42].
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Table 9. Geo-accumulation index (Igeo) values of HMs in surface and subsurface soils from industrial
(Trans-Amadi), agricultural (Egi), and residential (Woji) areas of Rivers State, Nigeria, at different
sampling depths (0-10 cm, 10-50 cm, and 50-100 cm), indicating the degree of metal enrichment
relative to geochemical background concentrations.

Trans-Amadi Egi Woji
Metal 0-10 cm 10-50 cm 50-100 cm 0-10 cm 10-50 cm 50-100 cm 0-10 cm 10-50 cm 50-100 cm

\Y% -3 -3 —4 —4 —4 -3 —4 —4 —4
Cr 0 0 -1 -1 -1 -1 -1 -1 -1
Mn -3 -2 —4 -1 -1 -1 1 -1 -1
Co -3 -3 -3 -2 -3 -2 -2 -3 -3
Ni -1 -1 -2 -1 -2 -2 -2 -2 -2
Cu -1 -1 —2 -1 -1 -1 -1 -1 -1
Zn -1 -1 -1 -1 -2 -1 0 -1 -1
As 3 2 8] —4 -3 -3 -1 -1 -2
Mo -2 -3 -3 —4 —4 -7 -3 -3 -3
Cd -2 -2 -2 -3 -3 -3 0 0 -3
Pb -2 -2 -2 -2 -2 -2 -1 -3 -3
Se -2 0 -1 1 1 1 2 2 1

The background colour shows HMs with moderate to high .

Egi predominantly showed negative I¢, for almost all investigated HMs. V, As, Mo,
Cd, Mn, Co, Cu, Ni, and Pb exhibited I, < 0, which connotes an absence of pollution.
Se consistently produced an Ig, value of 1 across all depths at Egi. This corresponds to
moderately polluted conditions. Se represents the principal contaminant in the Woji area.
Observed values ranged between Iy, values between 1 and 2, which are classified under
the moderate pollution condition. Mn with an I, of 1 at 0-10 cm depth indicates moderate
pollution of surface soils likely due to recent anthropogenic deposition [5,12]. Cd had an
Igeo = 0 at shallow depths (0~10 cm and 10-50 cm), corresponding to unpolluted conditions.
Most remaining HMs (V, Cr, Co, Ni, Cu, Zn, Pb, Mo, As) recorded negative values thus,
they are classified as unpolluted (Ige, < 0). Overall, the I¢, results demonstrate that while
the majority of analyzed HMs remain within geogenic background levels, anthropogenic
influence is evident through the significant pollution of As at the Trans-Amadi industrial
area [19]. The spatial variability underscores distinct pollution sources, with industrial,
agricultural, and residential activities contributing differently to soil quality degradation in
the study area.

3.2.2. Contamination Factor (CF) of the Heavy Metal Pollutants Across the Three Land
Areas of Rivers State, Nigeria

To assess HM pollution within the study area, the contamination factor (CF) was
computed by comparing the measured concentrations of HMs in soil samples with their
respective background concentrations (DPR target values and referenced geochemical
background values). The CF results (Figure 3) revealed distinct spatial variations in HM
pollution across the industrial, residential, and agricultural soils. Trans-Amadi exhibited the
most pronounced contamination pattern among the investigated sites. As was identified as
the dominant contaminant, displaying very high contamination across all depths, with the
highest pollution (CF = 12.04) observed at 50-100 cm depth. This strongly suggests intense
industrial- or petroleum-derived contamination [6]. Conversely, other HMs, including Se,
Pb, Cd, Mo, Zn, Cu, Ni, Co, Mn, Cr, and V, showed low contamination levels (CF < 1),
although minor/moderate contamination occurred for Zn, Se and Cr. A similar study [59]
classified the CF for Pb as extremely contaminated. Pb, As, and Cd were observed as the
principal contaminants in that study, whereas Cu and Zn exhibited comparatively low
CF [59].
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Figure 3. Heavy metal contamination factors (CF) across (a) industrial, (b) agricultural and (c) resi-
dential soil zones, citing the studied heavy metals CF across the three land areas.

At the Egi area, CF were comparatively lower than those of Woji but still demonstrated
notable HM pollution. Se (4.15) remained the dominant contaminant at Woji, showing
considerable contamination across all soil depths. Zn, Cr, and Cu exhibited low pollution;
the CF range between 0 and 1, particularly within the surface soil (0-10 cm), indicating
recent anthropogenic influence [5,12]. Other HMs, including Pb, Cd, Mo, Ni, Co, and V,
predominantly showed low contamination (CF < 1), suggesting minor HM contamination.
The Woji location exhibited considerable for Se across all depths (3 < CF < 6), with the
most elevated CF of 6.08 recorded at the surface layer (0-10 cm). Mn also demonstrated
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considerable contamination, particularly at 0-10 cm, suggesting substantial anthropogenic
pollution sources [6,7]. Zn, Pb, Cd, Cr, Cu, Ni, Co, Mo, and V generally exhibited low con-
tamination levels (CF < 1), although Pb and Cd displayed localized moderate contamination
at some depths. The elevated surface contamination implies recent industrial, vehicular,
or petroleum-related inputs [5]. Hence, the CF pattern across the three land zones are as
follows: Industrial > Residential > Agricultural. Surface soils (0-10 cm) generally exhibited
higher CF values for most HMs, supporting the influence of anthropogenic activities such
as industrial operations, petroleum exploitation, vehicular emissions, and urbanization [5].

3.3. Pollution Load Index, Integrated Pollution Index (IPI) and Nemrow Integrated Pollution
Index (NIPI)

To further assess the HM pollution in the study location of Rivers State, pollution load
index, Integrated Pollution Index and Nemerow Integrated Pollution Index were utilized.
The results of the PLI Figure 4 show that the values across the study sites ranged between
0.4 and 0.7, indicating varying degrees of pollution intensity with depth and land area.
In the Trans-Amadi, PLI reached 0.6 at 10-50 cm and 50-100 cm, indicating unpolluted
conditions, while slightly lower values (0.5) were observed at 0-10 cm, suggesting vertical
redistribution of HM pollutants [5]. The Woji and Egi area also recorded low PLI values
(0.4 to 0.7), indicating an overall minimal pollution condition. Similar to [22], where PLI
values for all investigated HMs were below 1 (PLI < 1), which indicated that the studied
soils were not polluted by HMs. The results showed that the observed HM concentrations
primarily reflected natural geochemical processes, including the weathering of parent rocks
and soil-forming materials, rather than substantial anthropogenic contamination [5,8].

Overall, the PLI results suggest that there are no severe pollution in all the study
locations, although there is a possibility for localized HM pollution. The IPI result (Figure 4)
revealed that the Trans-Amadi area had the highest IPI value of 2.0, indicating moderate
pollution. The Woji area recorded IPI values between 0.8 and 1.2, suggesting low to mod-
erate pollution, while the Egi area exhibited the lowest IPI values between 0.6 and 0.8,
indicating low pollution levels. The decreasing IPI trend from industrial to residential to
agricultural areas highlights a dominant influence of industrial activities on soil contamina-
tion. The relatively high IPI values further imply that pollution are attributed to long-term
accumulation [5,6]. The NIPI values (Figure 4), suggest a more critical pollution scenario.
The Trans-Amadi industrial area exhibited extremely high NIPI values (12.5 at 10-50 cm),
indicating heavy pollution conditions (NIPI > 3.0). This implies that although average
pollution (PLI) may appear moderate, the presence of highly polluted individual HMs can
significantly elevate HM pollution in a given location. Despite having relatively low PLI
values, the NIPI values at the Woji residential area was between 2.4 and 4.3, indicating
heavy pollution. This may be a result of the influence of specific pollutants rather than
widespread pollution. In the Egi agricultural area, NIPI values ranged from 2.2 to 3.0,
indicating moderate pollution, likely driven by agrochemical inputs or localized petroleum
activities such as artisanal petroleum mining common in Rivers State [5,6].

The combined application of IPI, PLI, and NIPI, showed a clear gradient of pollution
across the three land areas. The industrial area (Trans-Amadi) exhibits high to extreme
pollution, driven by both surface deposition and subsurface accumulation, as evidenced
by moderate IPI (1 < IPI < 2) and extremely high NIPI (>3). The residential area (Woji)
demonstrated moderate pollution, reflecting mixed anthropogenic sources, while the
agricultural area (Egi) remain largely unpolluted to slightly polluted, indicating minimal
environmental contamination. Among the indices, NIPI proved most sensitive, capturing
peak pollution levels, whereas PLI provided a conservative estimate of overall site quality,
and IPI reflected a cumulative HM pollution load. The convergence of the pollution indices
enhances the robustness of the HM pollution indices assessment, collectively demonstrating
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that industrial activities constitute the primary driver of soil HM pollution across the Rivers
State study area.
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Figure 4. Spatial and vertical distribution of (a) pollution load index (PLI), (b) Integrated Pollution
Index (IPI) and (c) Nemerow Integrated Pollution Index (NIPI) values of the HM pollutants in
industrial (Trans-Amadi), agricultural (Egi), and residential (Woji) soils.

3.4. Enrichment Factor (EF)

The EF result obtained as presented in Figure 5, show that the Trans-Amadi industrial
area had an EF of 70.8 for As, which denotes extreme high HM enrichment. This indicates
dominant anthropogenic sources, probably from crude oil refining and spills, industrial
waste discharge and combustion residues [6]. Most of the investigated HMs, including
Cr (4.5), Zn (4.2), Se (3.8), Ni (3.3), Cu (3.4) had moderate HM enrichment factor; this
entails strong anthropogenic input such as industrial emissions, HM processing, oil-related
activities and artisanal mining [6]. Cd, Co and V with an EF of 2.3, 1.7 and 1.6 respectively,
showed minimal enrichment in the industrial area, likely from mixed sources (natural and
human activities). Se with an EF of 5.9 stands out as the dominant contaminant at the Egi
area, likely due to anthropogenic activities such as agrochemicals (fertilizers, pesticides)
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application and oil exploration activities in surrounding areas [6,55]. Minor HM pollution
was observed for Cr (1.4), Cu and Zn (1.1), while V, As, Mo and Cd showed deficiency
to minimal pollution, likely linked to natural or slight influences by human activity [6].
At the Woji area, Se (4.4) showed significant enrichment (2 < EF < 5), which may be due
to domestic waste burning, traffic emissions and atmospheric deposition [6,12]. There
were minor to no HM enrichment for Cu (1.2), Zn (0.8) and Pb (0.8), while minimal HM
enrichment was observed for Co (0.3), Cr (0.7) and Ni (0.5), while V and Mo had an EF
of 0.2, indicating deficiency to minimal enrichment. The Woji area generally showed low
EF, reflecting relatively less impact of the HM pollutants. In summary, the EF reveals
spatial variability in anthropogenic HM inputs, with the Trans-Amadi industrial area
having the highest EF, particularly for As, indicating severe industrial influence [6]. In
contrast, the Woji residential area reflects predominantly geogenic HM pollution source,
while Egi agricultural soils show selective enrichment of Se, likely linked to anthropogenic
processes reflecting regional petroleum exploration and production activities, gas flaring,
and weathering of geological materials [6,60].

(@)
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Figure 5. Spatial comparison of HM enrichment factor (EF) values in (a) Trans-Amadi. The inset
graph in (a) shows extremely high EF of As (EF > 40) in the Trans-Amadi industrial area. (b) Egi, and
(c) Woji residential area, illustrating HM-specific enrichment factor trends and potential anthropogenic
influence across industrial, agricultural, and residential locations.
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3.5. Source Identification of HM Pollutants in Rivers State Industrial, Agricultural and
Residential Areas

3.5.1. Principal Component Analysis

The three-dimensional Principal Component Analysis (3D PCA) (Figure 6) extracted
three principal components (PC1-PC3), collectively explaining 67.91% of the total vari-
ance in the dataset. Specifically, PC1 accounted for 34.92% of the total variance, PC2
explained 20.91%, and PC3 contributed 12.08% (Table S1). Principal components with
eigenvalues greater than 1.0 (Kaiser’s criterion) were retained for interpretation, and the
scree plot (Figure S1) was used to verify the number of meaningful components retained.
Consequently, the interpretation of the PCA was based on the standardized variables, eigen-
values, percentage of explained variance, and loading patterns of the retained components
(Table S2). The observed loading patterns provide valuable preliminary insights into the
principal environmental processes governing the distribution and co-occurrence of the
investigated metals. PC1 exhibited strong positive loadings for Cu (0.4227), Pb (0.4089), Zn
(0.3710), Co (0.3464), Mn (0.3402), Ni (0.2926), and Se (0.2817), suggesting potential influence
from anthropogenic activities. These HMs are commonly associated with industrial emis-
sions, vehicular traffic, fossil fuel combustion, metal processing, improper waste disposal,
and agricultural inputs such as fertilizers and pesticides [8,19]. Their co-occurrence in PC1
therefore suggests that these anthropogenic activities may have influenced the observed
HM distribution within the study area. PC2 explained 20.91% of the total variance and
exhibited a bipolar loading pattern characterized by positive loadings of V (0.4953), Ni
(0.3848), Mo (0.3648), and Cr (0.2570), together with negative loadings of Se (—0.4441) and
Mn (—0.2810). This component is interpreted as reflecting possible influence from both
geogenic and anthropogenic processes [8,12]. The association of V, Ni, Cr, and Mo may be
related to fossil fuel combustion, petroleum exploration and production, vehicular emis-
sions, and waste disposal, while simultaneously reflecting contributions from the natural
geochemical composition of the parent material [12]. The opposing loadings of Se and
Mn further suggest differing environmental controls or variations in their mobility under
contrasting geochemical conditions. PC3 accounted for 12.08% of the total variance and was
characterized by high positive loadings of Mo (0.5777), Cd (0.5146), and As (0.3441). This
component reflects predominantly lithogenic and pedogenic influences associated with
parent material composition and natural soil-forming processes, while also indicating local-
ized anthropogenic enrichment rather than representing a purely geogenic source [6,12].
The relatively strong loading of Cd, which is commonly associated with industrial and
agricultural activities, together with the significant land-use effects identified by the three-
way ANOVA, suggests that both natural and anthropogenic processes contribute to the
variability represented by this component [6]. Similarly, the occurrence of As within this
component may reflect a combination of geochemical background conditions and land-
use-related inputs. Although Se did not load strongly on PC3, its relatively independent
behavior and significant response to land use, soil depth, and sampling location indicate
the influence of secondary environmental controls, potentially associated with agricultural
amendments, residential activities, or localized geochemical conditions [8,12,55]. Also, Se
in the soil may be predominantly present in the reduced immobile phase, elemental Se
(Se) [61]. Consequently, PC3 represents a mixed lithogenic-anthropogenic influence rather
than an exclusively natural source. Overall, the 3D PCA model revealed three broad HM
associations comprising (i) Cu, Pb, Zn, Co, and Ni; (ii) Mn, Se, Cr, and V; and (iii) Mo,
Cd, and As. These groupings likely reflect differing environmental controls and source
identifications. The first group appears to be associated predominantly with anthropogenic
activities, including industrial, petroleum-related, transportation, and urban influences.
The second group reflects the combined influence of geogenic and anthropogenic processes,
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modulated by site-specific environmental conditions. The third group is primarily asso-
ciated with lithogenic and pedogenic processes, with additional localized anthropogenic
inputs [12].

Component 3 (12.08%)

Figure 6. Three-dimensional rotated PCA plot showing the relationships among HMs and their
potential sources in soils from Rivers State, Nigeria. The first three principal components explained
67.91% of the total variance, with contributions of 34.92% (PC1), 20.91% (PC2), and 12.08% (PC3).The
black dots represents the individual HMs, the lines and grid represents the 3 D coordinate axis,
while the shaded ovals highlights the specific source groupings. PC1 represents predominantly
anthropogenic contamination arising from industrial, petroleum-related, and traffic activities; PC2
reflects mixed geogenic—anthropogenic influences; whereas PC3 is associated mainly with lithogenic
inputs derived from natural geological and pedogenic processes.

Therefore, the identified principal is representative of indicative evidence of HM
pollution sources. The consistency observed among the PCA loading patterns, three-way
ANOVA, Pearson correlation analysis, enrichment factor, pollution indices, and hierarchical
cluster analysis nevertheless strengthens the inferred source identification.

3.5.2. Cluster Analysis of Heavy Metal in Trans-Amadi, Egi and Woji Land Areas

Hierarchical cluster analysis (HCA) results, illustrated in Figure 7, grouped the sam-
pling locations into two statistically significant clusters based on similarities in HM com-
position. Cluster I comprised Res10 and Agril0, indicating comparable pollution values
at surface soil depth within the Woji and Egi locations. The observed similarity may be
a result of mixed anthropogenic inputs such as agrochemicals, domestic emissions, and
atmospheric deposition [8]. Cluster II consisted of Ind10 and Ind50, demonstrating min-
imal differences at the surface and subsurface industrial soils. This indicates that soil
contamination is persistent and might have resulted in vertical mobility of the HMs within
the Trans-Amadi industrial environment, reflecting continuous industrial discharge and
accumulation [5]. The broad distance link which separates Cluster I and Cluster II implies
that there are notable dissimilarities between the Trans-Amadi industrial soil and the Egi
and Woji land areas. This confirms that anthropogenic inputs such as industrial activities
represent a significant and major source of HM pollution in the study area. The clustering
pattern aligns with findings from PCA and enrichment factor analyses, indicating combined
anthropogenic and geogenic influences, with the Trans-Amadi industrial areas exhibiting
higher pollution intensity [12].

Although the PCA and HCA produced internally consistent patterns that agreed
with correlation analysis and pollution indices, one limitation of this study is that the
multivariate analyses were conducted using a relatively modest number of soil samples.
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Figure 7. Dendrogram of hierarchical cluster analysis (HCA) using Semi-Partial R? distance was
applied to classify sampling locations according to similarities in heavy metal concentrations. Res10,
Agril0, Ind10 and Ind50 denotes residential at 0-10 cm, agricultural 0-10 cm, industrial 0-10 cm, and
industrial 10-50 cm respectively.

3.6. Health Risk Assessment of the Heavy Metal Pollutants at Different Land Zones of [vers State

The average daily dose (ADD) (Tables 10-12) values for HMs in soils from the Trans-
Amadi, Egi and Woji locations revealed marked variations across exposure pathways.
Among the exposure routes, inhalation and ingestion were the dominant pathway of expo-
sure for both adults and children, while dermal absorption contributed the least exposure
dose [61]. Generally, children exhibited substantially higher ADD values than adults for
all analyzed HMs, indicating increased vulnerability of children to HM exposure due to
lower body weight, higher soil ingestion rates, and increased hand-to-mouth activities
commonly associated with childhood behavior [22,61,62]. The estimated average daily
dose (ADD) for HMs in the Trans-Amadi industrial area (Table 10) demonstrated clear
differences among exposure pathways, and groups. Overall, ingestion represented the
dominant exposure pathway for both adults and children, while dermal absorption con-
tributed the least to total exposure. Children consistently exhibited higher ADD values than
adults through all exposure routes, owing to their lower body weight and greater exposure
factors incorporated into the USEPA exposure model [63]. For adult ingestion exposure,
Zn (5.14 x 1072 mg/kg/day) produced the highest ADD values, followed closely by As
(2.75 x 1073 mg/kg/day) in the child ingestion category, indicating that these HMs consti-
tute the principal source to ingestion exposure within the industrial environment. It has
been observed by different studies that exposure to As on higher levels are a result of its nat-
ural abundance in soil, and despite the low levels of As in some cases, its harmful impacts
in children are more notable [64]. Other HMs including V (1.85 x 10~* mg/kg/day), Cr
(1.26 x 103 mg/kg/day), Mn (1.51 x 103 mg/kg/day) and Cu (3.45 x 10~4 mg/kg/day)
also had elevated values of ADD in the child ingestion pathway. Conversely, Se, Mo, Pb

https:/ /doi.org/10.3390/su18157621


https://doi.org/10.3390/su18157621

Sustainability 2026, 18, 7621 24 of 33

and Cd exhibited the lowest ADD values across all exposure pathways, reflecting their
relatively low non-carcinogenic health risk. Inhalation ADD values were several orders of
magnitude lower than ingestion doses, while the dermal pathway consistently represented
the least significant pathway for both adults and children, indicating limited transdermal
transfer of HMs from polluted soils. In general, the ADD profile suggests that industrial
activities within the Trans-Amadi area significantly influence HM exposure patterns, with
children constituting the most vulnerable population group.

Table 10. Average daily dose (ADD) in mg/kg/day of heavy metals in the Trans-Amadi industrial
region of Rivers State through ingestion, inhalation and dermal exposure for adults and children.

Heavy Metal Adult Ingestion Adult Inhalation Adult Dermal Child Ingestion Child Inhalation Child Dermal
\4 1.98 x 10°° 1.11 x 107° 474 %1071 1.85 x 10~* 8.71 x 1077 3.11 x 10712
Cr 1.35 x 10~* 7.59 x 10~ 3.23 x 1072 1.26 x 1073 594 x 1078 353 x 10712
Mn 1.62 x 1074 9.07 x 1077 3.86 x 10712 1.51 x 1073 247 x 1077 2.53 x 1071
Co 5.64 x 107° 3.16 x 10710 1.35 x 10713 5.26 x 107° 147 x 1078 8.84 x 10713
Ni 8.01 x 107* 1.87 x 1077 7.99 x 10713 3.11 x 10~* 1.62 x 1078 5.23 x 10712
Cu 3.69 x 1075 2.07 x 1077 8.85 x 10713 345 x 1074 6.45 x 1078 5.79 x 10712
Zn 5.14 x 1072 8.24 x 1077 3.51 x 10712 1.37 x 1073 1.29 x 1077 2.30 x 1071
As 438 x 1075 1.65 x 108 7.05 x 10712 2.75 X 1073 1.46 x 1077 4.61 x 1071
Mo 333 x10°° 1.87 x 10710 7.98 x 1071 3.11x107° 1.99 x 10710 522 x 10713
Cd 454 x 1077 2.54 x 10711 1.08 x 1071 424 x107° 191 x 10°8 7.12 x 1074
Pb 434 %1075 244 x 1077 1.04 x 10712 4.05%x 1074 248 x 10710 6.81 x 10712
Se 6.22 x 10713 3.17 x 1011 1.35 x 1071 5.28 x 107° 2.03 x 107° 8.86 x 1071*

ADD (mg/kg/day) represents the heavy metals intake dose over the specific exposure duration. Values formatting
using scientific notation (e.g., 1.13 x 10~8) reflect pathway specific calculation ADD inputs for adult and children
in the study region. Bold values indicate comparatively elevated ADD levels across exposure pathways.

Table 11. ADD values of HMs at the Egi area of Rivers State through ingestion, inhalation and dermal
exposure for adults and children.

Heavy Metal Adult Ingestion Adult Inhalation Adult Dermal Child Ingestion Child Inhalation Child Dermal
\4 1.42 x 107° 7.95 x 10710 3.40 x 10713 1.32 x 107* 6.23 x 1077 222 x 10712
Cr 9.19 x 10° 6.97 x 107° 2.98 x 10712 1.16 X 10~3 5.45 x 1078 3.25 x 10712
Mn 5.16 x 1074 2.89 x 1078 1.24 x 10711 4.82 x 1073 227 x 1077 8.09 x 1071
Co 891 x 107° 4.99 x 10710 213 x 10713 8.32 x 107° 3.91 x 1077 1.40 x 10712
Ni 6.78 x 1074 1.58 x 1077 6.76 x 10713 2.64 X 1074 1.24 x 1078 443 x 10712
Cu 3.89 x 1075 218 x 1077 9.30 x 10713 3.63 x 1074 1.71 x 1078 6.09 x 10712
Zn 5.28 x 1072 8.47 x 1077 3.77 x 10712 3.61 x 104 6.63 x 1078 2.37 x 1071
As 3.92 x 10-° 2.20 x 10710 9.40 x 1071 3.66 x 1075 1.72 x 107° 6.15 x 10713
Mo 1.09 x 10-° 6.11 x 1011 2.61x1071 1.02 x 107° 478 x 10710 1.71 x 10713
Cd 2.20 x 1077 1.24 x 10711 5.27 x 1071 2.06 x 1076 9.67 x 10711 345 x 1071
Pb 438 x 1075 246 x 1077 1.05 x 10~12 4.09 x 1077 1.93 x 10°8 6.87 x 10712
Se 3.02 x 10713 9.99 x 1077 5.65 x 10714 220 x 1075 1.04 x 1077 3.70 x 10713

All pathway values (Ingestion, Inhalation, and Dermal) are expressed in (mg/kg/day). Bold ADD values denote
high ADD values.

Table 12. ADD values in mg/kg/day of heavy metals at the Woji residential area through ingestion,
inhalation and dermal exposure for adults and children.

HMs Adult Ingestion Adult Inhalation Adult Dermal Child Ingestion Child Inhalation Child Dermal
v 1.14x 107° 6.40 x 10710 2.73 x 10713 1.07 x 10~* 5.01 x 10~ 1.79 x 10712
Cr 8.74 x 1075 4.90 x 1077 2.09 x 10712 8.16 x 10~* 3.84 x 1078 228 x 10712
Mn 821 x 1074 4.61 x 1078 1.97 x 1071 7.66 X 103 3.60 x 107 1.29 x 10710
Co 5.84 x 107° 328 x 10710 1.40 x 10713 5.45 x 107° 2.57 x 107 9.16 x 10713
Ni 4.90 x 1074 1.15 x 107? 4.89 x 10713 1.90 x 10~* 8.96 x 1077 3.20 x 10712
Cu 3.60 x 1075 2.02 x 1077 8.62x 10713 3.36 x 1074 1.58 x 10°8 5.65 x 10712
Zn 6.36 x 1072 1.02 x 108 435 x 10712 1.70 x 103 7.99 x 1078 2.85 x 1071
As 210 x 105 1.18 x 107° 5.03 x 10713 1.96 X 1074 9.22 x 1077 329 x 10712
Mo 248 x 107° 1.39 x 10710 5.94 x 1071 231 x 1075 1.09 x 10~° 3.89 x 10713
Cd 1.16 x 10°° 6.52 x 10711 2.78 x 10714 1.09 x 107° 5.10 x 10710 1.82x 1071
Pb 4.67 x 107° 2.62 x 1077 1.11 x 10712 4.36 X 1074 2.05x 1078 7.32 x 10712
Se 1.59 x 10712 1.79 x 10710 7.66 x 10714 299 x 1075 1.40 x 107° 5.02 x 10713

Bold ADD values indicate high ADD values.

Although industrial activities substantially increased environmental HM concentra-
tions, the calculated ADD values remained relatively low, indicating limited daily human
exposure under the current exposure assumptions.
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The ADD estimates in Table 11, for HMs in soils collected from the Egi agricultural
area, revealed that ingestion was the dominant exposure pathway, whereas dermal ab-
sorption contributed minimally to overall exposure. Children consistently experienced
considerably higher exposure doses than adults across all investigated HMs because of age-
dependent exposure parameters. Among the investigated HMs, Mn exhibited the highest
child ingestion ADD values, with an ADD ingestion value of 4.82 x 10-3 mg/kg/day in
children. Elevated Mn exposure may be associated with agricultural inputs, natural soil
composition, or atmospheric deposition [5,8]. There are also elevated ADD values of Cr
(1.16 x 1073 mg/kg/day) while Pb and Cd exhibited the lowest ADD values, suggesting
relatively limited exposure from these HM pollutants. Although the agricultural environ-
ment generally displayed lower exposure doses than the industrial site for several HMs,
the results indicate that agricultural soils still represent an important exposure medium,
particularly through ingestion of contaminated soil generated during farming activities. Ni,
Cr, V, Cu and Zn demonstrated moderate ADD values across the ingestion child exposure
groups. The relatively elevated ingestion doses of these HMs suggest influences from
agrochemical inputs, soil amendments, vehicular emissions, and long-term accumulation
within cultivated soils [5,19]. The dermal pathway of exposure consistently represented
the least significant pathway. The ADD profile therefore demonstrates that agricultural
activities within the Egi area are the major source of HM accumulation, and human expo-
sure, with children representing the most vulnerable population group. The dominance
of ingestion exposure highlights the need for sustainable agricultural practices, periodic
environmental monitoring, and control of agrochemical inputs to reduce long-term human
health risks.

The ADD results (Table 12) at the Woji residential area exhibited exposure characteris-
tics comparable to the other land-use categories, with ingestion representing the principal
exposure pathway, while the dermal contact exhibited the least. Children consistently
showed higher ADD values than adults for every HMs because of their greater exposure
sensitivity. Mn (7.66 x 10~3 mg/kg/day) and Zn (1.70 x 10~ mg/kg/day) exhibited the
largest ingestion exposure doses within the residential environment, whereas Ni, Co, Cu,
Cd and Se produced comparatively lower exposure estimates. The relatively elevated in-
gestion doses suggest that vehicular emissions, domestic activities, and urban atmospheric
deposition may contribute to metal exposure within the residential environment [19]. The
results generally indicate that low-level HM exposure exists in Woji, which may contribute
to cumulative human health risks over prolonged periods of exposure. The comparatively
higher exposure of children further emphasizes the importance of implementing public
health interventions aimed at minimizing contact with these HMs at the Woji residential
environments.

3.6.1. The Hazard Quotient (HQ) Assessment of the Analyzed HM Pollutants

The hazard quotient assessment demonstrated in Table 13 explains that ingestion
was the principal exposure pathway contributing to non-carcinogenic health risks across
the investigated locations. Children consistently exhibited higher HQ values than adults,
highlighting their increased susceptibility to environmental pollutants due to physiological
sensitivity and greater exposure frequency [19]. Among the investigated locations, Trans-
Amadi recorded the highest overall non-carcinogenic risk burden, followed by Woji and Egi.
The hazard quotient (HQ) values (Table 13) observed for the Trans-Amadi industrial area
showed substantial variability among HMs and exposure pathways. Inhalation consistently
generated the highest HQ values for both adults and children, whereas ingestion and
dermal exposure produced extremely low HQ values. Among child ingestion pathway,
As (9.15) exhibited the highest HQ value, suggesting persistent anthropogenic pollution
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arising from industrial emissions, vehicular activities, agricultural practices, and poor waste
management [8,19]. Importantly, most individual HMs” HQ values in the Trans-Amadi
area remained below the USEPA safety threshold of 1.0, with an exception of As (9.15) in
the child ingestion category, indicating that most of the investigated HMs are expected to
produce significant non-carcinogenic health effects through a single exposure pathway. The
HQ values (Table 13) calculated for the Egi agricultural soils demonstrated that ingestion
remained the dominant exposure route, while inhalation and dermal contact contributed
only marginally to non-carcinogenic risk. Children again exhibited substantially higher HQ
values than adults. Zn (0.18 x 10~!) produced the highest HQ ingestion values in children.
The elevated HQ of Zn in children indicates that this metal is the major pollutant to non-
carcinogenic risk within the Egi agricultural environment, this suggests influences from soil
amendments and other agricultural practices in the agricultural area [6,8]. The remaining
HMs exhibited relatively low HQ values, indicating minimal individual health concerns.
The HQ values (Table 13) calculated for the Woji residential area demonstrated that ingestion
remained the dominant exposure route, while inhalation and dermal contact contributed
only marginally to non-carcinogenic risk. Children again exhibited substantially higher HQ
values than adults. As (6.53 x 10~ !) produced the highest ingestion HQ in children and
Zn in the adult ingestion (2.12 x 10~1); this shows that these HM pollutants come from
improper domestic waste management, proximity to landfills and industrial emissions [8].
The exceptionally high HQ values of As in children shows that this metal is the dominant
pollutant to non-carcinogenic risk within the Woji residential environment. Other HMs
showed relatively low HQ values, indicating minimal individual health risk. Overall,
As contributed disproportionately to the overall non-carcinogenic risk profile, with the
most elevated value in the industrial area, therefore warranting continued environmental
monitoring within the study areas.

3.6.2. Hazard Index (HI) of the Selected Heavy Metals Across the Three Land Areas

The hazard index assessment revealed varying degrees of non-carcinogenic health
risks across industrial, agricultural, and residential land areas in Rivers State, Nigeria
as presented in Table 14. The HI assessment of most HMs’ exhibited values below the
recommended safety threshold, except for As (9.16) at the Trans-Amadi industrial area, in
the child category which showed elevated level of HI non-carcinogenic risk. Other HMs
including Zn, Pb and Cr showed significant values in both adults and children. Elevated
non-carcinogenic risks of the HI values, particularly for Cr, Zn and As of the child and adult
population, were observed at the agricultural and residential location. The Trans-Amadi
area presented the greatest environmental health concern due to excessive arsenic exposure,
while the Woji and Egi locations also demonstrated significant non-carcinogenic risks.
The findings emphasize the influence of industrialization, petroleum-related activities,
agricultural practices, and urbanization on HM pollution within the study location of
Rivers State, Niger Delta, Nigeria [5]. The cumulative HI results indicate that children,
particularly in the agricultural and residential areas, may experience non-carcinogenic
risks above recommended safety limits. These findings underscore the need for targeted
environmental sustainability management, regular monitoring, and measures to reduce
children’s exposure to HM-polluted soils in the study area.
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Table 13. Non-carcinogenic health risk assessment (HQ) of heavy metals via inhalation, ingestion, and dermal pathways in the study areas, with bold values

indicating high non-carcinogenic health risk assessment (HQ) of heavy metals in the study area.

Location Population Pathway \4 Cr Mn Co Ni Cu Zn As Mo Cd Pb Se
(InTjirs‘_st'riAaﬂ“zﬁa) Adult Inhalation NA 2,65 x 1076 6.47 x 108 550 x 10~5 9.08 x 108 5.16 x 108 270 x 108 550 x 1073 NA 254 x 1076 468 x 1076 NA
Ingestion 2.83 x 1073 451 x 1072 1.15 x 1073 2.80 x 107* 3.89 x 1072 9.24 x 1074 1.70 x 1071 9.81 x 1077 6.66 x 107* 454 x 107* 1.24 x 1072 1.24 x 10710
Dermal 6.80 x 1077 539 x 1078 210 x 10~° 7.30 x 10~ 1 1.48 x 10710 7.37 x 10~ 11 5.90 x 10~ 11 573 x 1078 420 x 1078 1.09 x 1077 1.99 x 1077 NA
Child Inhalation NA 2.08 x 107> 5.07 x 1077 430 x 107+ 711 x 1077 4.04 x 1077 210 x 1077 431 x107* NA 1.99 x 107° 542 x 1076 NA
Ingestion 264 x 1072 421 x 107! 1.08 x 102 2,63 x 1073 1.51 x 1072 8.62 x 1073 457 x 1073 9.15 6.22 x 1073 424 x 1073 1.16 x 101 1.06 x 1073
Dermal 4.44 x 1078 5.89 x 10~8 1.38 x 108 4.80 x 10710 9.69 x 10710 4.83 x 10710 3.80 x 10710 3.75 x 1077 2.75 x 10710 712 x 1077 131 x 10~8 NA
Egi (Alfrréca‘)ﬂfuml Adult Inhalation NA 244 x 106 2.06 x 107 8.80 x 105 7.69 x 108 542 x 1078 2.80 x 108 734 x 107 NA 1.24 x 106 699 x 107 NA
Ingestion 2,03 x 1073 3.06 x 1073 3.69 x 103 450 x 1074 3.29 x 1072 9.71 x 1074 0.18 x 1071 131 x 1072 220 x 1074 220 x 1074 1.25 x 1072 8.03 x 1011
Dermal 485 x 1077 496 x 1078 6.71 x 107° 1.20 x 10710 1.25 x 10710 7.75 x 1011 6.00 x 10711 7.64 x 10710 1.37 x 1011 527 x 10710 2,02 x 107° NA
Child Inhalation NA 191 x 1072 1.62 x 107° 6.90 x 1074 6.02 x 1077 424 x 1077 2.20 x 1077 5.75 x 1076 NA 9.67 x 1076 547 x 1076 NA
Ingestion 1.89 x 102 3.87 x 1071 3.44 x 1072 416 x 1073 1.28 x 1072 9.07 x 1073 470 x 1073 1.22 x 101 2.03 x 1073 2.06 x 1073 117 x 1071 440 x 1073
Dermal 318 x 1078 541 x 1078 4.40 x 108 7.60 x 10710 8.20 x 1010 5.08 x 10710 3.90 x 10710 5.00 x 1077 8.99 x 10~ 11 3.45 x 107° 132 x 10~8 NA
Woji (Efsgennal Adult Inhalation NA 1.71 x 1076 329 x 107 570 x 10~5 556 x 1078 5.03 x 1078 3.40 x 1078 3.93 x 1076 NA 6.52 x 1076 7.44 x 1077 NA
Ingestion 1.63 x 1073 291 x 1072 5.87 x 1073 2,90 x 1074 2.38 x 1072 9.01 x 1074 212 x 1071 7.00 x 1072 496 x 1074 1.16 x 1073 1.33 x 1072 3.19 x 10710
Dermal 3.90 x 107 349 x 1078 1.07 x 108 7.60 x 10711 9.05 x 1071 7.19 x 1011 7.30 x 1011 4.09 x 1072 312 x 1071 2.78 x 1072 215 x 107° 9.57 x 1071
Child Inhalation NA 1.34 x 1075 2,58 x 1076 4.50 x 10° 435x 1077 3.94 x 1077 2.70 x 1077 3.07 x 1073 NA 511 x 1073 5.83 x 1076 NA
Ingestion 152 x 1072 272 x 1071 547 x 1072 2.73 x 1073 9.25 x 1073 8.41x 1073 57 x 1073 6.53 x 1071 4.63 x 1073 1.09 x 1072 1.25 x 1071 597 x 1073
Dermal 255 x 1078 3.26 x 1078 1.84 x 1076 1.30 x 1078 457 x 1078 8.07 x 108 410 x 1077 47 %1078 5.60 x 1077 261 x 1077 1.05 x 107 NA
HQ < 1 indicates no significant non-carcinogenic health risk, while HQ > 1 indicates potential adverse health effects. NA connotes not available because of the non-availability of
RfD values.
Table 14. Non-carcinogenic hazard index (HI) values of potentially toxic elements for adult and child populations in different land zones of Rivers State.
Location/ .
Population v Cr Mn Co Ni Cu Zn As Cd Pb Se
Trans-Amadi
Adult 2.83 x 1073 451 x 1072 1.15 x 1073 282 x 1074 3.89 x 1072 9.24 x 1074 1.17 x 101 1.15 x 101 6.67 x 107+ 454 x 1074 1.24 x 1072 1.24 x 1010
Child 2.64 x 1072 421 x 1071 1.08 x 1072 3.06 x 1073 1.51 x 102 8.62 x 1073 457 x 1073 9.16 6.22 x 1073 426 x 1073 1.16 x 101 1.06 x 1073
Egi
Adult 2.03 x 1073 3.07 x 1073 3.69 x 1073 533 x 107* 3.29 x 1072 9.71 x 10~* 1.76 x 101 1.31 x 102 218 x 10~ 221 x 10~* 1.25 x 102 6.03 x 10~ 11
Child 1.89 x 102 3.87 x 1071 3.44 x 1072 4.84 x 1073 1.28 x 1072 9.07 x 1073 469 x 1073 1.22 x 101 2.03 x 1073 2.07 x 1073 117 x 1071 4.40 x 1073
Woji
Adult 1.63 x 1073 291 x 1072 5.87 x 1073 349 x 1074 2.38 x 1072 9.01 x 1074 212 x 1071 6.99 x 1072 496 x 1074 1.17 x 1073 1.33 x 1072 3.19 x 10710
Child 1.15 x 1072 271 x 1071 547 x 1072 3.18 x 1073 9.25 x 1073 841 x 1073 5.66 x 1073 6.53 x 1071 462 x 1073 1.09 x 1072 1.25 x 1071 597 x 1073

Values greater than 1 indicate potential non-carcinogenic health risks. Bold values indicate high HI values.
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3.7. Carcinogenic Risk (CR) of the Studied Heavy Metals at the Three Land Areas

The estimated Incremental Lifetime Cancer Risk (ILCR) Table 15 varied considerably
among heavy metals, exposure pathways, receptors, and land-use types. Consistent with
the Lifetime Average Daily Dose (LADD) estimates (Tables S3-S5), soil ingestion consti-
tuted the dominant exposure pathway, producing substantially greater carcinogenic risks
than dermal contact and inhalation. The elevated ingestion-derived ILCR values directly
reflect the higher LADD values estimated for this pathway (Tables S3-S5), confirming
that incidental soil ingestion is the primary route of carcinogenic HM exposure in the
study area. According to the United States Environmental Protection Agency (USEPA),
ILCR values < 1.0 x 10~ represent negligible cancer risk, and values between 1.0 x 10~°
and 1.0 x 10~* are considered within the acceptable or tolerable lifetime cancer risk range,
whereas values > 1.0 x 10~ indicate an unacceptable carcinogenic risk requiring regulatory
intervention [63]. Among all carcinogenic metals investigated, As was the predominant
contributor to lifetime cancer risk across all land-use categories, which aligns with [64]’s
identified carcinogenic HM pollutants. The highest ILCR values were recorded through the
ingestion pathway in the industrial area (Trans-Amadi), reaching 1.51 x 10~ for adults
and 3.53 x 10~ for children. These values exceeded the internationally accepted USEPA
maximum acceptable lifetime cancer risk threshold (1.0 x 10~%), indicating an unaccept-
able carcinogenic risk associated with chronic arsenic exposure. The markedly elevated
ILCR values correspond closely with the comparatively high arsenic LADD observed for
the industrial soils (Tables S3-S5). This suggests that prolonged anthropogenic activi-
ties, including petroleum refining, petrochemical processing, metal fabrication, fossil fuel
combustion, and atmospheric deposition of industrial emissions, are the principal drivers
of arsenic accumulation [65]. Residential soils (Woji) also exhibited relatively elevated
arsenic-associated carcinogenic risks, with ingestion ILCR values of 1.08 x 1075 for adults
and 2.52 x 1075 for children. Although these values remained below the unacceptable risk
threshold (1.0 x 10~%), they exceeded the acceptable carcinogenic risk level (1.0 x 107°)
and therefore fall within the USEPA tolerable carcinogenic risk range, indicating that
chronic exposure may still contribute to cumulative lifetime cancer risk. Cd represented
the second most significant carcinogenic contaminant. The highest Cd ingestion carcino-
genic risks occurred in the residential area, where ILCR values reached 2.43 x 10~ for
adults and 5.68 x 10~° for children. These findings are consistent with the elevated cad-
mium LADD values reported in Tables S3-S5 and indicate a tolerable yet non-negligible
carcinogenic risk. Given cadmium’s persistence, long biological half-life, and tendency
to bioaccumulate, continued environmental surveillance remains essential. Conversely,
Cr and Pb exhibited comparatively lower ILCR values, generally ranging from 10~ to
10~°, indicating acceptable carcinogenic risks under current exposure conditions. Likewise,
inhalation-derived risks for Cr, As, Cd, and Ni were consistently below 108, while dermal
arsenic carcinogenic risks level remained below 107, reflecting the substantially lower
LADD values estimated for these pathways. These results demonstrate that inhalation
and dermal contact contribute minimally to the overall carcinogenic burden relative to
soil ingestion. Children consistently exhibited higher ILCR values than adults across all
land-use types. This observation agrees with the receptor-specific LADD estimates and
reflects the higher soil ingestion rates, lower body weight, and greater exposure intensity
assumed in the USEPA exposure model [63]. Consequently, children constitute the most
vulnerable population to carcinogenic risks arising from contaminated soils. Overall, the
ILCR assessment identifies Arsenic as the principal carcinogenic driver in the study area,
particularly within the industrial environment where cancer risks exceeded internationally
accepted thresholds. USEPA carcinogenic risk threshold (1.0 x 10~%) in the industrial area
indicates that chronic exposure to arsenic-contaminated soils may pose a significant lifetime
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cancer risk, particularly for children [35,64]. The results generally suggest that continuous
anthropogenic activities, including industrial emissions, agricultural practices, vehicular
pollution, and inadequate waste management, significantly contribute to the accumulation
of HM pollutants within the study environment [65]. These findings underscore the urgent
need for effective industrial emission control, routine environmental monitoring, soil re-
mediation, and sustainable land-use management strategies to reduce long-term human
exposure, especially among vulnerable populations such as children. The results also point
out the importance of prioritizing arsenic in environmental risk management and public
health intervention programs within Rivers State, Niger Delta region.

Table 15. Incremental Lifetime Cancer Risk (ILCR) associated with exposure to carcinogenic heavy
metals through ingestion, inhalation, and dermal contact across different land-use types, with bold
values indicating high ILCR values.

Land-Use Pathway Receptor Cr As Ccd Pb Ni
(Trl;r?sl—lirrrll?aldi) Ingestion Adult 3.9399 x 10~ 1.5134 x 10~ 9.4917 x 107 12653 x 107 -
Child 9.1931 x 107 3.5312 X 1074 22147 x 106 29524 x 1077 -

Inhalation Adult 1.8323 x 10~ 1.4243 x 1078 9.2263 x 10711 - 9.0409 x 10710

Child 1.2742 x 10~° 9.9054 x 10~° 6.4164 x 10~11 - 6.2875 x 10710
Dermal Adult - 1.4733 x 10~° - - -
Child - 2.4125 x 1076 - - -
Agricultural (Egi) Ingestion Adult 3.6217 x 1077 2.0183 x 10°° 4.6056 x 1077 1.2774 x 1077 -
Child 8.4507 x 107 4.7094 x 1076 1.0747 x 1076 2.9805 x 1077 -

Inhalation Adult 1.6843 x 10~° 1.8996 x 1010 4.4768 x 10~ - 7.6586 x 10710

Child 1.1713 x 10~ 1.3210 x 10710 3.1134 x 1071 - 5.3261 x 10710
Dermal Adult - 1.9649 x 1078 - - -
Child - 3.2174 x 1078 - - -
Residential (Woji) Ingestion Adult 25469 x 1077 1.0796 x 105 24322 x 1076 1.3610 x 107 -
Child 5.9428 x 107 25192 x 1075 5.6752 x 1076 3.1758 x 1077 -

Inhalation Adult 1.1845 x 10~° 1.0161 x 10~ 2.3642 x 10710 - 5.5316 x 10710

Child 8.2372 x 10710 7.0667 x 10710 1.6442 x 1010 - 3.8469 x 10710
Dermal Adult - 1.0511 x 1077 - - -
Child - 1.7211 x 1077 - - -

Incremental Lifetime Cancer Risk calculated using the United States Environmental Protection Agency (USEPA)
human health risk assessment model. Values < 1.0 x 107 indicate negligible carcinogenic risk; values between
1.0 x 107® and 1.0 x 10~* represent the acceptable or tolerable lifetime cancer risk range; and values > 1.0 x 10~*
indicate an unacceptable carcinogenic risk according to USEPA guidelines. “—* denotes that carcinogenic risk was
not evaluated because a cancer slope factor was unavailable for the respective exposure pathway.

4. Conclusions

The observed distribution pattern of the HMs and the integrated application of Ig,,
CF, EF, PLI, IPI, and NIPI demonstrated that industrial activities constitute the primary
source of HM pollution within the study area, while agricultural and residential locations
experience comparatively lower pollution intensity. The strong agreement among the
pollution indices confirms the effectiveness of combined pollution assessment approaches
in evaluating contamination severity, identifying anthropogenic influences, and supporting
sustainable environmental management strategies aimed at mitigating HM pollution and
protecting soil quality. Human health risk characterization demonstrated that exposure
pathways and toxicological outcomes vary according to land-use type and target demo-
graphic group. Non-carcinogenic risk assessment revealed that the average daily doses
(ADD) for most HMs generally fall within acceptable safety limits, except for As (9.15) in
the child ingestion category, which exceeded the USEPA safety threshold. Children exhibit
greater susceptibility, predominantly through the ingestion pathway. The Incremental
Lifetime Cancer Risk (ILCR) assessment indicated unacceptable long-term carcinogenic
risks across all investigated land-use categories, with As and Cr identified as the principal
contributors. For these two HMs, ingestion-related ILCR values consistently exceeded
the USEPA-acceptable carcinogenic risk threshold (1 x 10~%), reaching the critical level of
1 x 1073 for children. The Trans-Amadi industrial area exhibited the highest oral cancer
risk for As (1.65 x 1073 in children) and also showed elevated inhalation cancer risks, high-
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lighting the cumulative impacts of intensive industrial emissions. Overall, these findings
demonstrate that land-use practices and anthropogenic activities strongly influence the
accumulation, spatial distribution, and behavior of HMs in soils of Rivers State, the study
area. The results underscore the need for adaptive, science-based environmental gover-
nance that integrates continuous environmental monitoring, stringent industrial emission
control, sustainable waste management practices and strategic land-use planning. Imple-
menting these measures is fundamental to minimizing anthropogenic pollution source of
the HMs, preserving soil ecosystem functionality, advancing the Sustainable Development
Goals (SDGs), and promoting resilient industrial, agricultural, and residential development
without compromising long-term environmental quality and public health. The findings
were based on site-specific assessment of the investigated industrial, agricultural, and
residential land use locations. Nevertheless, the study provides valuable baseline data for
future investigations involving broader spatial coverage, larger sample sizes and long-term
environmental monitoring to better characterize HM dynamics across the region.

Prioritizing the remediation of HM-polluted sites, strengthening environmental regu-
latory enforcement, and adopting cleaner production technologies will reduce soil degra-
dation, safeguard ecosystem services, and minimize long-term human health risks. Con-
sequently, this study provides valuable scientific evidence to support policymakers and
environmental managers in developing integrated, science-based strategies that promote
sustainable industrial operations, environmentally responsible agricultural practices, and
sustainable residential land-use planning while ensuring long-term soil quality, environ-
mental sustainability, and public health protection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su18157621/s1, Table S1: Different loadings of heavy metals on
Varimax rotated factors of the principal component analysis; Figure S1: Scree plot of PCA illustrating
the extent of importance of each factor in a descending order, which expresses when the obtained
eigenvalue of an individual factor is sufficient to be considered a relevant factor. It shows a sharp drop
from PC1-PC2, a moderate drop at PC2-PC3, and a clear flattening after PC3; Table S2: Summary
of principal component eigenvalues and explained variance for the investigated potentially toxic
elements; Table S3: Lifetime Average Daily Dose (LADD) via ingestion exposure (mg kg~! day ') for
adults and children across different land-use types; Table S4: Lifetime Average Daily Dose (LADD)
via inhalation exposure (mg kg~! day~!) for adults and children across different land-use types;
Table S5: Lifetime Average Daily Dose (LADD) via dermal exposure to heavy metals for adults and
children across different land-use types (mg kg{1 dayfl).
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