


Environmental and Toxicological Risk Assessment of Heavy Metals in Eleme Agricultural Soils
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Agricultural soils in industrialised parts of the Niger Delta are increasingly impacted by heavy metal inputs from petrochemical industries, fertilizer plants, oil and gas operations, and intensive farming. These metals persist in soils, influence soil quality, and pose ecological and human health risks through direct exposure and food-chain transfer. This study assessed the physicochemical characteristics, heavy metal concentrations, and associated environmental and toxicological risks of agricultural soils in Eleme Local Government Area, Rivers State, Nigeria. Composite soil samples were collected from five agricultural sites during dry and wet seasons at depths of 0–20 cm. Soil pH, electrical conductivity, organic matter, cation exchange capacity, and texture were determined using standard methods. Heavy metals (Fe, Pb, Cd, Cr, Ni, Zn, and Cu) were analysed after mixed-acid digestion using flame Atomic Absorption Spectrophotometry. Contamination factor, geo-accumulation index, pollution load index, enrichment factor, and potential ecological risk index were applied. Human health risks for adults and children were evaluated using USEPA exposure models for ingestion and dermal contact. Soil pH ranged from 5.4 to 6.9, with electrical conductivity between 82 and 214 µS/cm and organic matter content of 1.21–3.84%. Mean metal concentrations (mg/kg) were Fe 13,280 ± 3,140, Pb 54.8 ± 21.3, Cd 1.38 ± 0.71, Cr 52.9 ± 18.5, Ni 41.7 ± 16.2, Zn 112.5 ± 39.8, and Cu 35.9 ± 15.4. Cadmium exceeded the WHO/FAO limit of 0.8 mg/kg and showed strong contamination (CF = 6.9, Igeo = 2.8). The potential ecological risk index was 233.9, indicating considerable ecological risk. Hazard quotients for children exceeded unity for Pb (1.41) and Cd (2.18), while carcinogenic risk values (e.g., Cd: 2.4 × 10⁻⁵–5.7 × 10⁻⁵) remained within acceptable limits. Industrial activities have significantly degraded soil quality in Eleme, with cadmium posing the greatest ecological and health concern. Continuous monitoring and targeted soil management are urgently required.
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1.0 Introduction
Soil contamination by heavy metals has become a major environmental and public health concern globally, particularly in regions experiencing rapid industrialisation and intensive resource exploitation. Heavy metals are persistent, non-biodegradable, and capable of accumulating in soils, sediments, water bodies, and biological tissues, where they exert toxic effects on ecosystems and human populations (Anarado et al., 2023). Agricultural soils are especially vulnerable because they act as both sinks and secondary sources of contaminants, facilitating the transfer of metals into food crops and subsequently into the human food chain.
In the Niger Delta region of Nigeria, extensive oil and gas exploration, petrochemical processing, gas flaring, industrial effluent discharge, and unregulated waste disposal have significantly altered the natural geochemical balance of the environment (Ekwere et al., 2025). Numerous studies across the region have documented elevated concentrations of heavy metals, hydrocarbons, and other toxic pollutants in surface waters, groundwater, sediments, biota, and food materials, underscoring the widespread nature of contamination (Ekesiobi et al., 2025; Osuafor et al., 2025; Okpoji et al., 2025a). Atmospheric deposition from gas flaring and industrial emissions has also been identified as a critical pathway through which heavy metals are introduced into terrestrial and aquatic systems (Aghanwa et al., 2025; Okpoji et al., 2025b).
Agricultural soils in industrialised corridors of the Niger Delta are increasingly exposed to these pollutants through multiple pathways, including irrigation with contaminated water, deposition of airborne particulates, use of agrochemicals, and surface runoff from industrial zones. Previous investigations in nearby environments have demonstrated that heavy metals such as cadmium, lead, nickel, and chromium frequently exceed background levels and, in some cases, regulatory limits, posing risks to soil quality, crop safety, and human health (Etesin et al., 2025; Umueni et al., 2025). The mobility and bioavailability of these metals are strongly influenced by soil physicochemical properties such as pH, organic matter content, texture, and cation exchange capacity, which determine their retention, transformation, and uptake by plants.
Beyond simple concentration measurements, recent environmental studies in the Niger Delta have increasingly adopted integrated risk-based approaches to better understand the implications of contamination. Ecological risk assessment frameworks have revealed that certain metals, particularly cadmium, contribute disproportionately to ecological stress due to their high toxicity and persistence (Okpoji et al., 2025c; Umueni et al., 2025). Similarly, human health risk assessments conducted on contaminated water sources, soils, and food items consistently indicate higher vulnerability among children, reflecting differences in exposure behaviour, body weight, and developmental sensitivity (Ekesiobi et al., 2025; Onoja et al., 2025).
Eleme Local Government Area in Rivers State represents one of the most industrialised zones in the eastern Niger Delta, hosting major petrochemical facilities, fertilizer plants, oil and gas infrastructure, and extensive agricultural activities. Despite its economic importance, systematic assessments of heavy metal contamination and associated environmental and toxicological risks in Eleme agricultural soils remain limited. Existing studies in surrounding environments have largely focused on water bodies, sediments, biota, and food products, leaving a critical knowledge gap regarding soil contamination and its implications for agro-ecosystems and local populations (Okpoji et al., 2025d; Okagbare et al., 2025).
Given the central role of soils in supporting agriculture and sustaining livelihoods, there is an urgent need for comprehensive evaluation of heavy metal contamination in agricultural soils within industrialised settings such as Eleme. Such assessments are essential for understanding contamination sources, ecological consequences, and potential human health risks, as well as for informing environmental management and policy interventions.
Therefore, this study aimed to assess the physicochemical characteristics and heavy metal concentrations of agricultural soils in Eleme, Rivers State, and to evaluate the degree of contamination using established pollution indices. In addition, ecological and human health risk assessments were conducted to determine the potential impacts of heavy metal exposure on soil ecosystems and local populations. 

2.0 Materials and Methods
2.1 Description of the Study Area
This investigation was conducted in Eleme Local Government Area, Rivers State, Nigeria, an industrialised agricultural zone within the eastern Niger Delta. The area hosts major petrochemical installations, fertilizer manufacturing plants, oil and gas facilities, and extensive subsistence and commercial farming activities. These activities provide multiple pathways for the introduction of heavy metals into agricultural soils through atmospheric deposition, industrial effluent discharge, surface runoff, and the use of agrochemicals.
Eleme is characterised by a humid tropical climate with a distinct wet season (April–October) and dry season (November–March). Mean annual rainfall exceeds 2,400 mm, while ambient temperatures range between 25 and 32 °C. The soils are predominantly sandy loam to loamy sand, developed on recent deltaic sediments, a textural composition that enhances metal mobility and bioavailability.

2.2 Sampling Locations and Geographic Referencing
Five representative agricultural sites were selected using a stratified sampling framework based on land use, proximity to industrial infrastructure, and intensity of farming activities. The geographic coordinates of the sampling locations were recorded using a handheld Global Positioning System (GPS) receiver (Garmin eTrex series).
	Site
	Location
	Latitude (N)
	Longitude (E)

	S1
	Aleto Farmland
	4.7932°
	7.1274°

	S2
	Onne Agricultural Zone
	4.7779°
	7.1623°

	S3
	Petrochemical Axis Farmland
	4.7695°
	7.1487°

	S4
	Agbonchia Farmland
	4.8046°
	7.1338°

	S5
	Ebubu Agricultural Area
	4.8193°
	7.1181°



2.3 Soil Sampling Strategy and Sample Preparation
Soil sampling was carried out during both dry and wet seasons to account for seasonal variability in metal distribution. At each site, five subsamples were collected from the surface soil layer (0–20 cm) using a stainless-steel auger. The subsamples were homogenised to form a composite sample representative of each location.
Collected samples were placed in pre-cleaned polyethene bags, transported to the laboratory, air-dried at ambient temperature, gently disaggregated using an agate mortar, and passed through a 2-mm polyethene sieve to remove coarse materials and debris.
2.4 Determination of Soil Physicochemical Properties
Soil pH was measured potentiometrically in a 1:2.5 soil–distilled water suspension using a calibrated digital pH meter. Electrical conductivity was determined in the same extract using a conductivity meter. Soil organic matter content was quantified using the Walkley–Black dichromate oxidation method. Cation exchange capacity was determined by ammonium acetate extraction at pH 7. Soil particle size distribution was assessed using the hydrometer method and classified according to the USDA textural triangle.
2.5 Acid Digestion and Heavy Metal Quantification
For metal analysis, approximately 1.0 g of each prepared soil sample was subjected to wet acid digestion using a mixed acid system (HNO₃–HCl–HClO₄) on a temperature-controlled hot plate. Digestion continued until complete dissolution was achieved, indicated by the formation of a clear solution. The digests were filtered and diluted with deionised water before analysis. Concentrations of Fe, Pb, Cd, Cr, Ni, Zn, and Cu were determined using flame Atomic Absorption Spectrophotometry (AAS). Instrument calibration was performed using multi-element certified standard solutions, and calibration curves exhibited correlation coefficients greater than 0.995.
2.6 Quality Assurance and Quality Control
Strict quality assurance and quality control protocols were implemented throughout the analytical process. Procedural blanks, duplicate samples, and certified reference materials were analysed alongside samples. Metal recoveries ranged between 90 and 110 percent, while relative standard deviations for replicate analyses were below 5 percent. Instrument recalibration was carried out after every ten sample determinations to ensure analytical stability.
2.7 Assessment of Soil Contamination Indices
The degree of heavy metal contamination was evaluated using contamination factor (CF), geo-accumulation index (Igeo), and pollution load index (PLI). Background concentrations were obtained from uncontaminated reference soils within the Niger Delta.
_____________________1
________________2 
________3
2.8 Ecological Risk Assessment
Ecological risk was evaluated using the potential ecological risk index method. The ecological risk factor for each metal was calculated as:
__________4 
The overall potential ecological risk index (PERI) was computed as:
PERI=∑Er_____________5 
Toxic response factors applied were Cd (30), Pb (5), Ni (5), Cr (2), and Zn (1).
2.9 Human Health Risk Assessment
Human health risk assessment was conducted in accordance.
_____________________6
Adults: Ingestion rate: 100 mg/day, body weight: 70 kg, exposure duration: 30 years, exposure frequency: 350 days/year.
Children: Ingestion rate: 200 mg/day, body weight: 15 kg, exposure duration: 6 years, exposure frequency: 350 days/year.
With USEPA guidelines, consider soil ingestion and dermal contact pathways for both adults and children.
The estimated daily intake (EDI) was calculated using:
The hazard quotient (HQ): _____________________7
Reference doses, RfD (mg/kg/day): Pb: 0.0035, Cd: 0.001, Cr: 0.003, Ni: 0.02, Zn: 0.3
The hazard index (HI) was obtained as: HI=∑HQ___________8 
Carcinogenic risk (CR) for Cd, Cr, and Ni was estimated using: CR=EDI×CSF___________9 
Cancer slope factors, CSF: Cd: 6.3, Cr: 0.5, Ni: 0.84
Acceptable risk thresholds ranged from 10−6 to 10−4.
2.10 Enrichment Factor and Source Identification
Enrichment factor was calculated using iron as the conservative reference element:
_____________________10
Pearson correlation analysis and principal component analysis (PCA) were employed to identify potential sources of heavy metals.

3.0 Results
Table 1 shows that the agricultural soils in Eleme are slightly acidic to near neutral, with pH values ranging from 5.4 to 6.9 and a mean of 6.2 ± 0.4. Electrical conductivity values were relatively low (82–214 µS/cm), indicating low salinity conditions. Organic matter content was low to moderate, varying between 1.21% and 3.84%, while cation exchange capacity ranged from 5.8 to 13.6 cmol/kg, suggesting moderate nutrient retention potential. The soils were predominantly sandy loam to loamy sand, reflecting high permeability and potential for metal mobility.
Table 1: Physicochemical Properties of Agricultural Soils in Eleme
	 
	Minimum
	Maximum
	Mean ± SD

	pH
	5.4
	6.9
	6.2 ± 0.4

	Electrical Conductivity (µS/cm)
	82
	214
	136 ± 41

	Organic Matter (%)
	1.21
	3.84
	2.36 ± 0.72

	Cation Exchange Capacity (cmol/kg)
	5.8
	13.6
	9.4 ± 2.6

	Soil Texture
	Sandy loam
	Loamy sand
	–



As presented in Table 2, iron exhibited the highest concentration among the analysed metals, reflecting its natural abundance in soils. Cadmium and lead showed elevated concentrations in several samples, with cadmium exceeding the WHO/FAO guideline limit of 0.8 mg/kg. Lead concentrations approached and, in some cases, exceeded the permissible limit of 85 mg/kg. Nickel concentrations were close to the recommended limit, while chromium, zinc, and copper remained within acceptable guideline values. These results indicate notable anthropogenic influence, particularly for cadmium and lead.

Table 2: Heavy Metal Concentrations in Eleme Agricultural Soils (mg/kg)
	Metal
	Minimum
	Maximum
	Mean ± SD
	WHO/FAO Limit

	Fe
	8,420
	19,350
	13,280 ± 3,140
	–

	Pb
	18.6
	96.4
	54.8 ± 21.3
	85

	Cd
	0.42
	2.86
	1.38 ± 0.71
	0.8

	Cr
	21.4
	87.6
	52.9 ± 18.5
	100

	Ni
	19.3
	74.1
	41.7 ± 16.2
	50

	Zn
	44.6
	189.3
	112.5 ± 39.8
	300

	Cu
	12.8
	68.5
	35.9 ± 15.4
	100


Table 3 reveals varying degrees of soil contamination across the studied metals. Cadmium recorded a very high contamination factor and a geo-accumulation index indicative of strong contamination, identifying it as the most critical pollutant. Lead and nickel showed moderate contamination levels, while chromium ranged from uncontaminated to moderately contaminated. Zinc exhibited low contamination levels, indicating minimal enrichment relative to background values.

Table 3: Soil Contamination Indices for Heavy Metals
	Metal
	Contamination Factor (CF)
	Igeo
	Pollution Level

	Pb
	2.7
	1.2
	Moderate contamination

	Cd
	6.9
	2.8
	Strong contamination

	Cr
	1.1
	0.1
	Uncontaminated–moderate

	Ni
	2.1
	0.9
	Moderate contamination

	Zn
	0.9
	–0.4
	Uncontaminated


Ecological risk results in Table 4 indicate that cadmium posed a very high ecological risk, driven by its high toxic response factor and elevated concentration. Lead and nickel contributed moderate ecological risks, while chromium and zinc posed low ecological risks. The overall potential ecological risk index (PERI) value of 233.9 indicates a considerable ecological risk for the agricultural soils in Eleme.

Table 4: Ecological Risk Assessment of Heavy Metals
	Metal
	Toxic Response Factor (Tr)
	Ecological Risk Factor (Er)
	Risk Category

	Pb
	5
	13.5
	Moderate

	Cd
	30
	207.0
	Very high

	Cr
	2
	2.2
	Low

	Ni
	5
	10.5
	Moderate

	Zn
	1
	0.9
	Low



Table 5 shows that ingestion was the dominant exposure pathway for heavy metals. Hazard quotient values for cadmium and lead exceeded unity for children, indicating potential and significant non-carcinogenic health risks. Nickel also posed a potential risk to children, while chromium and zinc remained within acceptable safety limits for both adults and children. Overall, children were more vulnerable to soil-related heavy-metal exposure than adults.

Table 5: Non-Carcinogenic Human Health Risk Assessment
	Metal
	Exposure Pathway
	HQ (Adults)
	HQ (Children)
	Risk Interpretation

	Pb
	Ingestion
	0.62
	1.41
	Potential risk (children)

	Cd
	Ingestion
	0.84
	2.18
	Significant risk

	Cr
	Dermal
	0.21
	0.39
	No risk

	Ni
	Ingestion
	0.57
	1.12
	Potential risk

	Zn
	Ingestion
	0.18
	0.34
	No risk



The spatial distribution presented in Table 6 shows pronounced variability in metal concentrations across sampling sites. Site 3 recorded the highest concentrations of all analysed metals, particularly lead, cadmium, chromium, and nickel, suggesting strong influence from nearby industrial activities. Sites farther from industrial zones, especially Site 5, recorded comparatively lower concentrations, highlighting the role of localised anthropogenic sources.
Table 6: Spatial Distribution of Heavy Metals Across Sampling Locations (mg/kg)
	Site
	Pb
	Cd
	Cr
	Ni
	Zn
	Cu

	Site 1
	32.4
	0.74
	41.2
	29.6
	84.1
	21.8

	Site 2
	61.7
	1.62
	55.9
	44.8
	117.6
	34.9

	Site 3
	96.4
	2.86
	87.6
	74.1
	189.3
	68.5

	Site 4
	48.9
	1.19
	49.3
	36.7
	102.4
	28.1

	Site 5
	34.2
	0.42
	21.4
	19.3
	44.6
	12.8



Table 7 indicates that most metals recorded higher mean concentrations during the dry season than the wet season. Statistically significant seasonal differences were observed for lead and cadmium (p < 0.05), while chromium, nickel, and zinc did not show significant seasonal variation. The higher dry-season concentrations may be attributed to reduced leaching and concentration effects.
Table 7: Seasonal Variation of Heavy Metals (mg/kg)
	Metal
	Dry Season (Mean ± SD)
	Wet Season (Mean ± SD)
	p-value

	Pb
	63.5 ± 18.7
	46.1 ± 15.4
	0.031

	Cd
	1.72 ± 0.64
	1.03 ± 0.41
	0.018

	Cr
	58.7 ± 19.3
	47.1 ± 16.5
	0.087

	Ni
	46.8 ± 14.9
	36.6 ± 12.1
	0.064

	Zn
	121.3 ± 41.2
	103.8 ± 34.7
	0.112



Enrichment factor values in Table 8 show significant enrichment for cadmium and moderate enrichment for lead and nickel, confirming strong anthropogenic contributions. Chromium exhibited only minor enrichment, while zinc showed no enrichment, suggesting a predominantly natural origin for zinc in the soils.
Table 8: Enrichment Factor (EF) of Heavy Metals
	Metal
	EF
	Enrichment Category

	Pb
	3.6
	Moderate enrichment

	Cd
	9.8
	Significant enrichment

	Cr
	1.3
	Minor enrichment

	Ni
	2.5
	Moderate enrichment

	Zn
	0.8
	No enrichment



Table 9 shows that estimated daily intake values were consistently higher for children than adults across all metals. For cadmium and lead, children’s intake values exceeded their respective reference doses, indicating potential health concerns. Intake levels for chromium, nickel, and zinc remained below their reference doses for both age groups.
Table 9: Estimated Daily Intake (EDI) of Heavy Metals
	Metal
	EDI Adults (mg/kg/day)
	EDI Children (mg/kg/day)
	USEPA RfD

	Pb
	0.0018
	0.0041
	0.0035

	Cd
	0.0009
	0.0024
	0.001

	Cr
	0.0012
	0.0021
	0.003

	Ni
	0.0021
	0.0043
	0.02

	Zn
	0.0134
	0.0261
	0.3



Carcinogenic risk estimates presented in Table 10 fall within the acceptable risk range of 10⁻⁶ to 10⁻⁴ for both adults and children. However, cadmium exhibited the highest carcinogenic risk values, followed by chromium and nickel, with children showing higher risk levels than adults.
Table 10: Carcinogenic Risk (CR) Assessment
	Metal
	Exposure Route
	CR Adults
	CR Children
	Acceptable Range

	Cd
	Ingestion
	2.4 × 10⁻⁵
	5.7 × 10⁻⁵
	10⁻⁶–10⁻⁴

	Cr
	Ingestion
	1.1 × 10⁻⁵
	2.9 × 10⁻⁵
	10⁻⁶–10⁻⁴

	Ni
	Dermal
	6.8 × 10⁻⁶
	1.5 × 10⁻⁵
	10⁻⁶–10⁻⁴


The correlation matrix in Table 11 reveals strong positive correlations between several metal pairs, notably lead–cadmium, lead–nickel, and chromium–copper. These relationships suggest common sources and similar geochemical behaviour, likely linked to industrial and anthropogenic inputs.
Table 11: Pearson Correlation Matrix of Heavy Metals
	Metal
	Pb
	Cd
	Cr
	Ni
	Zn
	Cu

	Pb
	1
	0.71
	0.46
	0.63
	0.41
	0.52

	Cd
	0.71
	1
	0.38
	0.59
	0.33
	0.47

	Cr
	0.46
	0.38
	1
	0.54
	0.62
	0.68

	Ni
	0.63
	0.59
	0.54
	1
	0.45
	0.57

	Zn
	0.41
	0.33
	0.62
	0.45
	1
	0.61

	Cu
	0.52
	0.47
	0.68
	0.57
	0.61
	1




4.0 Discussion
The slightly acidic to near-neutral pH conditions (5.4–6.9) observed in Eleme agricultural soils play a critical role in regulating heavy metal mobility and bioavailability. Acidic conditions enhance the solubility of metals such as cadmium, lead, and nickel by reducing adsorption to soil colloids, thereby increasing ecological and human exposure risks. Similar pH-controlled metal mobility has been reported in contaminated agricultural and urban soils across the Niger Delta and other oil-producing regions (Ekesiobi et al., 2025; Osuafor et al., 2025).
The relatively low electrical conductivity values confirm limited salinity influence, indicating that metal behaviour is primarily governed by anthropogenic inputs rather than saline intrusion. Organic matter contents were generally low to moderate, suggesting reduced complexation capacity for metals. This condition facilitates greater metal bioavailability, particularly in sandy loam and loamy sand soils, where high permeability promotes downward migration and lateral redistribution. Comparable soil textures and organic matter limitations have been linked to enhanced contaminant transport in agricultural catchments of Bayelsa and Akwa Ibom States (Umueni et al., 2025; Ekpe et al., 2025).

The elevated concentrations of cadmium and lead relative to international guideline values indicate strong anthropogenic influence on Eleme agricultural soils. Cadmium concentrations exceeding the WHO/FAO limit of 0.8 mg/kg are particularly concerning due to cadmium’s high toxicity, long biological half-life, and strong tendency for plant uptake. Similar exceedances of cadmium have been documented in soils impacted by industrial effluents, fertilizer application, and petroleum activities across the Niger Delta (Etesin et al., 2025; Okpoji et al., 2025a).
Lead concentrations approaching or exceeding guideline thresholds further reflect industrial emissions, atmospheric deposition from gas flaring, vehicular activities, and improper waste disposal. Studies on atmospheric deposition and surface contamination in Rivers State have consistently identified lead as a dominant anthropogenic pollutant associated with oil and gas operations (Aghanwa et al., 2025; Okpoji et al., 2025b). Although chromium, zinc, and copper largely remained within permissible limits, their elevated localised concentrations suggest cumulative inputs from agrochemicals, industrial discharge, and natural lithogenic sources.

The contamination factor and geo-accumulation index results clearly identify cadmium as the most critical contaminant in Eleme agricultural soils. Strong contamination and moderate-to-strong geo-accumulation levels for cadmium reflect persistent and ongoing inputs, consistent with fertilizer use, industrial emissions, and petroleum-related activities. Similar dominance of cadmium in contamination indices has been reported for soils and sediments in oil-bearing regions of Bayelsa, Delta, and Rivers States (Okpoji et al., 2025c; Umueni et al., 2025).
Moderate contamination levels recorded for lead and nickel further support mixed anthropogenic sources, including atmospheric fallout from gas flaring and industrial operations. The relatively low contamination status of zinc suggests a stronger lithogenic control, as previously reported for Niger Delta soils and sediments (Okpoji et al., 2025d; Umueni et al., 2025).
The ecological risk assessment demonstrates that cadmium poses a very high ecological risk, driven by both its elevated concentration and high toxic response factor. The PERI value of 233.9 indicates considerable ecological risk, suggesting potential adverse effects on soil microorganisms, invertebrates, and crop productivity. Comparable ecological risk patterns dominated by cadmium have been documented in estuarine sediments, riverine systems, and agricultural soils within the Niger Delta (Okpoji et al., 2025e; Umueni et al., 2025).
Moderate ecological risks associated with lead and nickel further raise concerns about long-term ecosystem degradation and food-chain transfer. Previous ecotoxicological studies in Niger Delta aquatic and terrestrial environments have demonstrated strong links between elevated metal concentrations and biomarker responses in fish, crustaceans, and benthic organisms (Ohaturuonye et al., 2025; Okpoji et al., 2025f).
The non-carcinogenic risk assessment indicates that children are more vulnerable to heavy-metal exposure than adults, primarily due to higher ingestion rates relative to body weight. Hazard quotient values exceeding unity for cadmium and lead in children suggest significant public health concerns, particularly in farming communities where direct soil contact and consumption of locally grown crops are common.
These findings align with reported health risks from contaminated water, soils, and food items across the Niger Delta, where children consistently exhibit higher exposure levels and health risks (Ekesiobi et al., 2025; Onoja et al., 2025). The potential risk associated with nickel ingestion further highlights the cumulative effect of multiple metals, even when individual concentrations are near guideline limits.
The pronounced spatial variability in metal concentrations, with Site 3 exhibiting the highest contamination levels, underscores the influence of proximity to petrochemical and industrial facilities. Localised enrichment patterns reflect point-source contamination, consistent with findings from gas-flaring zones and industrial corridors in Rivers and Bayelsa States (Okpoji et al., 2025g; Aghanwa et al., 2025).
Lower concentrations observed at more distant sites suggest attenuation effects with increasing distance from industrial sources. Similar spatial gradients have been reported in studies of groundwater, surface waters, and sediments impacted by oil-related activities (Okagbare et al., 2025; Okpoji et al., 2025h).
Higher dry-season concentrations of lead and cadmium reflect reduced dilution, limited leaching, and enhanced accumulation during periods of low rainfall. In contrast, wet-season reductions likely result from dilution, runoff, and vertical redistribution within the soil profile. Seasonal trends observed in this study are consistent with documented seasonal variability in hydrocarbon and metal contamination in Niger Delta soils, sediments, and biota (Ogbaji et al., 2025; Okpoji et al., 2025i).
Significant enrichment of cadmium and moderate enrichment of lead and nickel confirm strong anthropogenic influence. These enrichment patterns align with studies identifying industrial emissions, fertilizer application, and atmospheric deposition as dominant sources of heavy metals in agricultural landscapes (Etesin et al., 2025; Ekpe et al., 2025). The absence of enrichment for zinc supports its predominantly geogenic origin.
Estimated daily intake values reveal higher exposure levels for children, reinforcing their vulnerability. Although carcinogenic risk values fall within acceptable limits, cadmium presents the highest carcinogenic risk, warranting continued monitoring. Similar carcinogenic risk profiles have been reported for heavy metals and organic pollutants in water, sediments, and food matrices across the Niger Delta (John et al., 2025; Okpoji et al., 2025j).
cadmium emerges as the dominant environmental and toxicological threat in Eleme agricultural soils, followed by lead and nickel. The convergence of contamination indices, ecological risk metrics, and human health assessments underscores the cumulative risk posed by prolonged industrial activities in the region. These findings are consistent with broader evidence from Niger Delta studies highlighting the interconnected nature of soil, water, sediment, and food contamination (Okpoji et al., 2025k; Umueni et al., 2025).

Conclusion
This study provides a comprehensive environmental and toxicological evaluation of heavy metal contamination in agricultural soils of Eleme, Rivers State. The physicochemical characteristics of the soils, notably their slightly acidic nature, low organic matter content, and sandy loam to loamy sand texture, favour the mobility and bioavailability of heavy metals, thereby increasing the likelihood of ecological exposure and human contact.
Among the analysed metals, cadmium emerged as the most critical contaminant. Its concentrations exceeded recommended guideline limits, exhibited strong contamination and enrichment characteristics, and posed very high ecological risk. Lead and nickel also showed moderate contamination and ecological risk levels, while chromium and zinc generally remained within acceptable limits. The pollution indices collectively indicate a deterioration of soil quality, largely driven by anthropogenic inputs associated with industrial activities in the Eleme area.
Human health risk assessment revealed that children are particularly vulnerable to soil-related heavy metal exposure. Non-carcinogenic risk indices indicated potential to significant health risks from cadmium and lead ingestion in children, while adults generally remained within acceptable risk thresholds. Although the estimated carcinogenic risks for cadmium, chromium, and nickel fell within internationally acceptable limits, the elevated values observed for cadmium underscore the need for continued monitoring and preventive action.
Spatial and seasonal analyses further demonstrated that proximity to industrial and petrochemical facilities significantly influences contamination patterns, with higher metal concentrations recorded at locations closer to industrial zones and during the dry season. These findings highlight the cumulative and persistent nature of heavy metal inputs into agricultural soils in the region.
The study confirms that prolonged industrialisation and associated anthropogenic activities have substantially altered the quality of agricultural soils in Eleme, posing measurable ecological and public health concerns. There is an urgent need for regular environmental monitoring, stricter regulation of industrial emissions and waste disposal, and the implementation of soil management and remediation strategies to minimise metal accumulation. Such measures are essential to safeguard agricultural productivity, ecosystem integrity, and human health in Eleme and other industrialised communities of the Niger Delta. 
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