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ABSTRACT
This study assessed heavy metal contamination and associated human health risks in periwinkle, shrimp, and crab collected from coastal and inland communities of Rivers State, Nigeria, including Bonny, Ogoni, Eleme, and Omoku. Metal concentrations (Pb, Cd, Cr, Ni, Cu, Fe, Zn) were determined using standard analytical methods, and data were evaluated against WHO permissible limits. Results indicated that periwinkle and crab consistently exhibited higher metal burdens than shrimp, reflecting benthic and scavenging feeding habits and sediment interaction. Lead (Pb) concentrations ranged from 0.09 ± 0.01 mg/kg in shrimp from Bonny to 0.72 ± 0.03 mg/kg in periwinkle from Omoku, exceeding the WHO limit of 0.5 mg/kg in Eleme and Omoku. Cadmium (Cd) levels peaked at 0.081 ± 0.004 mg/kg in crab from Omoku, surpassing the permissible 0.05 mg/kg limit. Chromium (Cr) and nickel (Ni) were notably elevated in crabs from Eleme and Omoku, with maximum values of 4.72 ± 0.08 mg/kg and 7.94 ± 0.10 mg/kg, respectively, far exceeding WHO thresholds of 1.0 mg/kg. Essential metals (Cu, Fe, Zn) remained below toxic limits. Estimated Daily Intake (EDI) values were generally below oral reference doses, though localized hotspots were observed for Cd and Cr. Target Hazard Quotient (THQ) and Hazard Index (HI) values were <1 across all communities, indicating low non-carcinogenic risk, whereas Carcinogenic Risk (CR) and Total Carcinogenic Risk (TCR) values for Pb, Cr, and Ni in periwinkle and crab from Eleme and Omoku approached or slightly exceeded the acceptable lifetime risk range (10⁻⁶–10⁻⁴). The study demonstrates potential chronic health risks associated with long-term consumption of contaminated seafood, emphasizing the need for continuous environmental monitoring, industrial effluent control, and public health interventions to safeguard communities in the Niger Delta. 
Keywords: Heavy metals; seafood; coastal; health, risk assessment; inland

1. INTRODUCTION
Water is fundamental to the survival of all living organisms and plays a central role in maintaining ecological balance and sustaining human livelihoods (Verma, 2018; Shaikh & Birajdar, 2024). The world’s seas and oceans account for approximately 97% of the Earth’s total water resources, while only about 3% constitutes freshwater, much of which is locked in glaciers, ice caps, and deep groundwater reserves (Mishra, 2023). Although aquatic ecosystems are vital sources of food, income, and biodiversity, their quality is increasingly threatened by anthropogenic activities associated with modern development (Okorondu et al., 2022; Prabhutva et al., 2025). Coastal and inland water bodies often function as natural sinks for contaminants originating from industrial discharges, urban runoff, agricultural inputs, and domestic waste, raising serious concerns about their ecological integrity and suitability for human use (Lisetskii & Buryak., 2023; Mishra, 2025).
In recent decades, water quality deterioration has intensified due to rapid industrialization, population growth, urban expansion, and inadequate waste management practices, particularly in developing countries (Kumari & Raghubanshi, 2023; Uduporuwa, 2020). These pressures have resulted in the accumulation of chemical pollutants such as pesticides, petroleum hydrocarbons, persistent organic pollutants, and heavy metals in aquatic environments (Priyadarshanee et al., 2022). Rivers, estuaries, and coastal waters are especially vulnerable because they receive untreated or poorly treated effluents from industrial facilities, oil and gas operations, shipping activities, and municipal sources (Rangel-Buitrago et al., 2024; Jayalath & Ratnayake, 2025). Such contamination alters key physicochemical properties of water, disrupts aquatic ecosystems, and poses significant risks to both aquatic organisms and human populations that depend on these resources for sustenance and livelihood (Rajak et al., 2024).
Heavy metals constitute a major class of environmental pollutants due to their persistence, non-biodegradability, bioaccumulative potential, and toxicity even at low concentrations (Edo et al., 2024). Metals such as lead (Pb), cadmium (Cd), chromium (Cr), nickel (Ni), copper (Cu), iron (Fe), and zinc (Zn) enter aquatic systems through natural processes such as rock weathering and erosion, but anthropogenic sources such as mining, oil exploration, industrial effluents, agricultural runoff, and improper waste disposal are the dominant contributors in most polluted environments (Bisht et al., 2020; Okorondu et al., 2022). Once introduced, these metals tend to accumulate in bottom sediments and biota, particularly seafood organisms such as fish, crustaceans, and mollusks, which occupy critical positions in aquatic food webs (Campanyà-Llovet et al., 2017).
Seafoods constitute an essential component of human diets, especially in coastal and riverine communities, because they provide high-quality protein, essential fatty acids, and important micronutrients (Badoni et al., 2021). However, their capacity to bioaccumulate heavy metals from contaminated water and sediments makes them important pathways for human exposure (Jayakumar et al., 2021). Chronic consumption of seafood contaminated with heavy metals has been linked to adverse health outcomes, such as neurological impairment, renal dysfunction, cardiovascular diseases, immunotoxicity, and increased carcinogenic risk (Kichloo et al., 2021; Budi et al., 2024). Consequently, assessing heavy metal concentrations in seafood and evaluating the associated human health risks have become critical components of environmental monitoring and public health protection worldwide (Tanhan et al., 2022).
Rivers State, located in the Niger Delta region of Nigeria, comprises numerous coastal and inland communities that rely heavily on seafood harvested from rivers, creeks, estuaries, and coastal waters. The region is characterized by intensive industrial activities, particularly oil and gas exploration, refining, petrochemical operations, and maritime activities, alongside rapid urbanization and artisanal practices (Ikezam et al., 2021). These activities have significantly increased the risk of heavy metal contamination of aquatic ecosystems and seafood resources, raising concerns about food safety, environmental sustainability, and long-term public health implications for local populations.
Against this background, this study aims to determine the concentrations of selected heavy metals in commonly consumed seafoods and to evaluate the potential human health risks associated with their dietary intake in coastal and inland communities of Rivers State, Nigeria. Specifically, the study assesses the levels of key toxic and essential metals in seafood samples and applies established human health risk assessment models to estimate both non-carcinogenic and carcinogenic risks to adult consumers. The findings are expected to provide scientific evidence to support food safety regulation, environmental monitoring, and public health protection strategies in the Niger Delta region.
2. MATERIALS AND METHODS
2.1 Study Area 
The study was conducted in selected coastal and inland communities of Rivers State, located in the Niger Delta region of southern Nigeria. Rivers State lies approximately between latitudes 4°30′–5°30′ N and longitudes 6°30′–7°30′ E and is bounded by the Atlantic Ocean to the south. The state is characterized by an extensive network of rivers, creeks, estuaries, and mangrove swamps, which support rich aquatic biodiversity and provide major fishing grounds for local populations.
The coastal study locations include Bonny and Eleme communities, which are situated along the Atlantic coastline and estuarine environments of the Niger Delta. Bonny Island is located within the Bonny River estuary and is a major hub for maritime activities, oil and gas exploration, liquefied natural gas processing, and shipping operations. These activities, combined with urban runoff and domestic waste discharge, contribute to increased anthropogenic pressure on the aquatic environment. Eleme, located near the industrial axis of Rivers State, hosts petrochemical facilities, refineries, and other industrial establishments that discharge effluents into surrounding water bodies, thereby posing potential risks of heavy metal contamination.
The inland study locations comprise Ogoni and Omoku communities, which are predominantly situated along riverine and freshwater systems within Rivers State. Ogoni land is traversed by several creeks and tributaries connected to the Imo and Bonny River systems and has a long history of crude oil exploration and environmental degradation. Omoku town, located in the Ogba/Egbema/Ndoni Local Government Area, lies along inland river channels associated with the Niger Delta floodplain. The area supports artisanal fishing, farming, and oil-related activities, which may influence the quality of aquatic resources.
The climate of the study area is typically tropical, with high humidity, annual rainfall exceeding 2,000 mm, and mean temperatures ranging from 25–30 °C. Fishing and seafood consumption constitute major livelihood and dietary practices across both coastal and inland communities. Consequently, the selected locations provide a representative setting for assessing heavy metal contamination in seafoods and evaluating the associated human health risks to populations dependent on aquatic resources in Rivers State, Nigeria.
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Figure 1: Map of study area
2.2 Sample Collection
Samples of commonly consumed seafoods, namely periwinkle (Tympanotonus fuscatus), shrimp (Penaeus spp.), and crab (Callinectes spp.), were collected from selected coastal and inland communities of Rivers State, Nigeria, including Bonny, Ogoni, Eleme, and Omoku. Sampling locations were chosen based on their reliance on aquatic resources for subsistence and commercial activities, as well as the presence of intense anthropogenic pressures such as industrial operations, oil and gas activities, and urban runoff. Sample collection was carried out during the dry season to minimize dilution effects associated with heavy rainfall and flooding.
Fresh seafood samples were obtained directly from local fishermen at landing sites and local markets to ensure that the specimens reflected those consumed by residents. Each sample type was collected in triplicate from each location to improve representativeness and reduce sampling bias. The samples were placed in clean polyethylene bags, properly labeled according to location and sample type, and transported in ice-packed coolers to the laboratory for analysis.
In the laboratory, the samples were thoroughly rinsed with distilled water to remove surface debris, sediments, and adhering impurities. The edible tissues were carefully separated using stainless steel instruments to avoid metal contamination. The tissues were then oven-dried at 60–70 °C to a constant weight to eliminate moisture content. Dried samples were ground into fine powder using a clean laboratory mortar and pestle and stored in airtight polyethylene containers prior to digestion.
For heavy metal analysis, a known weight of each homogenized sample was subjected to acid digestion using a mixture of analytical-grade nitric acid and perchloric acid under controlled heating conditions until a clear digest was obtained. The digests were allowed to cool, filtered where necessary, and diluted to a known volume with deionized water. The prepared samples were subsequently analyzed for heavy metal concentrations using appropriate instrumental techniques under standard quality control procedures, including the use of blanks and replicate analyses to ensure analytical accuracy and precision.
2.4 Health Risk Assessment
Several toxicological indices as mentioned below were used to estimate the health risk as a consequence of seafood consumption. In this study, the health hazard, due to metals ingestion via fish consumption, were based on heavy metal evaluation and records according to EPA guidelines (2004).
2.5 Estimated Daily Intake (EDI)
[bookmark: _Hlk161231203]EDI is related to metals in seafood and water was calculated for adults and children by the following formula (US EPA, 2000) 

Where:
C = concentration of the metal in seafood (mg/kg);
IR = ingestion rate for seafood (0.038 kg/day for adults and 0.023 kg/day for children);
BW = average body weight (70 kg for adults and 24 kg for children)
2.6 Non-Carcinogenic Health Effect
2.6.1 Target Hazard Quotient (THQ)
Non- carcinogenic hazard estimation of heavy metals intake was determined using THQ values. THQ is a ratio of the determined dose of a pollutant to a reference level which was taken into consideration. THQs were calculated consistent with the technique defined by the Environmental Protection Agency (EPA) in the USA (USEPA, 2000).
THQ = EDI/RfD
Where:
EDI is estimated daily intake
RfD is reference dose of the metals
2.6.2 Hazard Index (HI)
Human health risks due to the intake of metal contaminated seafood was assessed by determining the Hazard Index (HI). If the value of HI is below 1, then the uncovered populace is probably not going to encounter evident antagonistic impacts. While HI value above 1 means that there is a possibility of non-carcinogenic effect, with an increasing probability as the value increases. The Supposing cumulative effects, HI was calculated as follows:
Total Hazard Index (HI) = Sum of THQ (THQPb + THQCd + THQCr + THQCr…….)
Where:
THQ is target hazard quotient
2.7 Carcinogenic Health Effect
2.7.1 Lifetime Cancer Risk (LCR)
USEPA distinguishes between the cancer-causing agents by the load of proof characterization of the compound. The evaluated every day portion and the malignant slope factor were multiplied together to determine the lifetime cancer chance presented by the metal hazard. Malignancy slope factors are evaluations of cancer-causing intensity and are utilized to relate every day portion of a substance over a lifetime. Ingestion malignancy incline factors are communicated in units of (mg/kg/day).
Lifetime likelihood of reaching disease due to the cancer-causing synthetic substances is determined as follows: 
Lifetime Cancer Risk = EDI x CSFing 
Where: 
EDI is the estimated daily intake of each heavy metal (mg/kg/day) 
CSFing is the ingestion cancer slope factors (mg/kg/days)-1 
USEPA in 2011 stated that 10-6 (1 of every 1,000,000) to 10-4 (1 out of 10,000) is a range of passable anticipated lifetime dangers for cancer-causing agents. Metals for which the hazard factor falls underneath 10-6 might be disposed of from further thought as a compound of concern. The hazard related with the cancer-causing impact of target metal is communicated as the abundance likelihood of reaching malignant growth over a lifetime of 70years.
2.8 Statistical Analysis
The data was analyzed using statistical package for social science version 16.0 (SPSS Inc., Chicago, IL, USA). The mean and the standard deviation error were obtained to compare the variation between groups of same sample.
3. RESULTS
3.1 Concentration (mg/kg) of Heavy Metals in Seafoods from four Communities in Rivers State
Table 1 is a representation of the concentration (mg/kg) of selected heavy metals in periwinkle, shrimp, and crab collected from Bonny, Ogoni, Eleme, and Omoku communities in Rivers State. Lead (Pb) concentrations ranged from 0.09 ± 0.01 mg/kg to 0.72 ± 0.03 mg/kg. The highest concentration of Pb was recorded in periwinkle from Omoku, while the lowest concentration was observed in shrimp from Bonny. 
Cadmium (Cd) concentrations ranged from 0.004 ± 0.001 mg/kg to 0.081 ± 0.004 mg/kg, with the highest level found in crab from Omoku and the lowest level detected in shrimp from Ogoni. Chromium (Cr) concentrations ranged from 0.84 ± 0.03 mg/kg to 4.72 ± 0.08 mg/kg, where the highest concentration occurred in crab from Omoku and the lowest concentration was observed in shrimp from Bonny. 
Nickel (Ni) concentrations ranged from 1.41 ± 0.03 mg/kg to 7.94 ± 0.10 mg/kg, with the highest level recorded in crab from Omoku and the lowest level in shrimp from Ogoni. 
Copper (Cu) concentrations ranged from 2.62 ± 0.04 mg/kg to 10.74 ± 0.10 mg/kg, showing the highest concentration in periwinkle from Omoku and the lowest concentration in shrimp from Ogoni. 
Iron (Fe) concentrations ranged from 5.88 ± 0.06 mg/kg to 22.46 ± 0.18 mg/kg, with the highest level measured in crab from Omoku and the lowest level found in shrimp from Ogoni. 



Zinc (Zn) concentrations ranged from 6.88 ± 0.10 mg/kg to 29.18 ± 0.24 mg/kg, where the highest concentration was observed in crab from Omoku, while the lowest concentration occurred in shrimp from Bonny.
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Table 1: Concentration (mg/kg) of Heavy Metals in Seafoods from four Communities in Rivers State
	Location
	Sample
	Pb
	Cd
	Cr
	Ni
	Cu
	Fe
	Zn

	Bonny
	Periwinkle
	0.42 ± 0.01
	0.018 ± 0.002
	1.92 ± 0.04
	3.21 ± 0.05
	7.88 ± 0.06
	10.12 ± 0.09
	14.30 ± 0.12

	
	Shrimp
	0.09 ± 0.01
	0.006 ± 0.001
	0.84 ± 0.03
	1.58 ± 0.04
	3.44 ± 0.05
	7.92 ± 0.06
	6.88 ± 0.10

	
	Crab
	0.21 ± 0.02
	0.051 ± 0.002
	2.26 ± 0.05
	4.88 ± 0.06
	5.94 ± 0.07
	12.74 ± 0.10
	18.90 ± 0.15

	Ogoni
	Periwinkle
	0.55 ± 0.02
	0.021 ± 0.002
	1.67 ± 0.03
	2.95 ± 0.04
	8.41 ± 0.06
	9.02 ± 0.08
	11.86 ± 0.10

	
	Shrimp
	0.11 ± 0.01
	0.004 ± 0.001
	3.11 ± 0.05
	1.41 ± 0.03
	2.62 ± 0.04
	5.88 ± 0.06
	9.82 ± 0.09

	
	Crab
	0.33 ± 0.02
	0.063 ± 0.003
	2.04 ± 0.04
	4.37 ± 0.05
	4.98 ± 0.06
	7.16 ± 0.08
	7.01 ± 0.07

	Eleme
	Periwinkle
	0.68 ± 0.03
	0.028 ± 0.003
	3.45 ± 0.06
	5.12 ± 0.07
	9.86 ± 0.08
	15.44 ± 0.12
	21.60 ± 0.18

	
	Shrimp
	0.15 ± 0.01
	0.009 ± 0.001
	1.96 ± 0.04
	2.08 ± 0.04
	4.21 ± 0.05
	9.74 ± 0.09
	12.48 ± 0.11

	
	Crab
	0.47 ± 0.03
	0.074 ± 0.004
	3.88 ± 0.06
	6.21 ± 0.08
	7.52 ± 0.09
	18.92 ± 0.14
	26.35 ± 0.20

	Omoku
	Periwinkle
	0.72 ± 0.03
	0.032 ± 0.003
	4.11 ± 0.07
	6.48 ± 0.09
	10.74 ± 0.10
	19.88 ± 0.15
	24.92 ± 0.21

	
	Shrimp
	0.18 ± 0.02
	0.011 ± 0.002
	2.34 ± 0.05
	2.86 ± 0.05
	5.12 ± 0.06
	11.63 ± 0.11
	14.77 ± 0.13

	
	Crab
	0.53 ± 0.03
	0.081 ± 0.004
	4.72 ± 0.08
	7.94 ± 0.10
	8.96 ± 0.10
	22.46 ± 0.18
	29.18 ± 0.24

	WHO Permissible Limit
	0.5
	0.05
	1.0
	1.0
	30
	50
	50









3.2 Estimated Daily Intake (EDI, mg kg⁻¹ day⁻¹) of Heavy Metals via Seafood Consumption from four Communities in Rivers State
Table 2 is a representation of the estimated daily intake (EDI) of heavy metals through the consumption of selected seafoods from coastal and inland communities of Rivers State.
Lead (Pb) estimated daily intake values ranged from 2.57E−05 mg kg⁻¹ day⁻¹ to 1.89E−04 mg kg⁻¹ day⁻¹. The highest Pb intake was recorded in periwinkle from Eleme, while the lowest intake was observed in shrimp from Bonny.
Cadmium (Cd) estimated daily intake ranged from 1.14E−06 mg kg⁻¹ day⁻¹ to 2.23E−05 mg kg⁻¹ day⁻¹. The highest Cd intake occurred in crab from Eleme, whereas the lowest intake was found in shrimp from Ogoni.
Chromium (Cr) estimated daily intake values varied between 2.40E−04 mg kg⁻¹ day⁻¹ and 9.12E−04 mg kg⁻¹ day⁻¹. The highest Cr intake was recorded in periwinkle from Eleme, while the lowest intake was observed in shrimp from Bonny.
Nickel (Ni) estimated daily intake ranged from 4.03E−04 mg kg⁻¹ day⁻¹ to 1.62E−03 mg kg⁻¹ day⁻¹. The highest Ni intake was observed in crab from Eleme, whereas the lowest intake occurred in shrimp from Ogoni.
Copper (Cu) estimated daily intake values ranged from 7.49E−04 mg kg⁻¹ day⁻¹ to 2.96E−03 mg kg⁻¹ day⁻¹. The highest Cu intake was recorded in periwinkle from Eleme, while the lowest intake was found in shrimp from Ogoni.
Iron (Fe) estimated daily intake ranged from 1.68E−03 mg kg⁻¹ day⁻¹ to 3.88E−03 mg kg⁻¹ day⁻¹. The highest Fe intake occurred in crab from Eleme, whereas the lowest intake was observed in shrimp from Ogoni.
Zinc (Zn) estimated daily intake values ranged from 1.97E−03 mg kg⁻¹ day⁻¹ to 5.96E−03 mg kg⁻¹ day⁻¹. The highest Zn intake was recorded in crab from Eleme, while the lowest intake was observed in shrimp from Bonny.


Table 2: Estimated Daily Intake (EDI, mg kg⁻¹ day⁻¹) of Heavy Metals via Seafood Consumption from four Communities in Rivers State
	Location
	Sample
	Pb
	Cd
	Cr
	Ni
	Cu
	Fe
	Zn

	Bonny
	Periwinkle
	1.20E−04
	5.14E−06
	5.49E−04
	9.17E−04
	2.25E−03
	2.89E−03
	4.09E−03

	
	Shrimp
	2.57E−05
	1.71E−06
	2.40E−04
	4.51E−04
	9.83E−04
	2.26E−03
	1.97E−03

	
	Crab
	6.00E−05
	1.46E−05
	6.46E−04
	1.39E−03
	1.70E−03
	3.64E−03
	5.40E−03

	Ogoni
	Periwinkle
	1.57E−04
	6.00E−06
	4.77E−04
	8.43E−04
	2.40E−03
	2.58E−03
	3.39E−03

	
	Shrimp
	3.14E−05
	1.14E−06
	8.89E−04
	4.03E−04
	7.49E−04
	1.68E−03
	2.81E−03

	
	Crab
	9.43E−05
	1.80E−05
	5.83E−04
	1.25E−03
	1.42E−03
	2.05E−03
	2.00E−03

	Eleme
	Periwinkle
	1.89E−04
	7.43E−06
	9.12E−04
	1.21E−03
	2.96E−03
	3.21E−03
	4.88E−03

	
	Shrimp
	4.21E−05
	2.00E−06
	5.14E−04
	6.03E−04
	1.18E−03
	2.11E−03
	2.43E−03

	
	Crab
	1.22E−04
	2.23E−05
	8.64E−04
	1.62E−03
	2.01E−03
	3.88E−03
	5.96E−03

	Omoku
	Periwinkle
	1.34E−04
	5.71E−06
	6.02E−04
	9.78E−04
	2.33E−03
	2.71E−03
	3.95E−03

	
	Shrimp
	3.00E−05
	1.43E−06
	3.92E−04
	4.96E−04
	9.10E−04
	1.94E−03
	2.16E−03

	
	Crab
	8.11E−05
	1.57E−05
	6.51E−04
	1.34E−03
	1.65E−03
	2.87E−03
	4.21E−03

	Reference Dose
	0.0035
	0.001
	0.003
	0.02
	0.04
	0.7
	0.3









3.3 Target Hazard Quotient (THQ) of Heavy Metals via Seafood Consumption from four Communities in Rivers State
Table 3 is a representation of the target hazard quotient (THQ) of heavy metals via seafood consumption in selected coastal and inland communities of Rivers State.
Lead (Pb) THQ values ranged from 0.007 to 0.054. The highest Pb THQ was recorded in periwinkle from Eleme, while the lowest THQ was observed in shrimp from Bonny. 
Cadmium (Cd) THQ ranged from 0.001 to 0.022, with the highest value recorded in crab from Eleme and the lowest in shrimp from Ogoni. 
Chromium (Cr) THQ values varied between 0.080 and 0.304. The highest Cr THQ occurred in periwinkle from Eleme, whereas the lowest was observed in shrimp from Bonny.
Nickel (Ni) THQ ranged from 0.020 to 0.081, with the highest THQ found in crab from Eleme and the lowest in shrimp from Ogoni. 
Copper (Cu) THQ values ranged from 0.019 to 0.074, with the highest recorded in periwinkle from Eleme and the lowest in shrimp from Ogoni. 
Iron (Fe) THQ ranged from 0.002 to 0.006, with the highest in crab from Eleme and the lowest in shrimp from Ogoni. 
Zinc (Zn) THQ values varied between 0.007 and 0.020. The highest Zn THQ was observed in crab from Eleme, while the lowest was recorded in shrimp from Bonny.
The hazard index (HI), representing the cumulative risk of all metals, ranged from 0.147 to 0.521. The highest HI was found in periwinkle from Eleme whereas the lowest HI was recorded in shrimp from Bonny.


Table 3: Target Hazard Quotient (THQ) of Heavy Metals via Seafood Consumption from four Communities in Rivers State
	Location
	Sample
	Pb
	Cd
	Cr
	Ni
	Cu
	Fe
	Zn
	HI

	Bonny
	Periwinkle
	0.034
	0.005
	0.183
	0.046
	0.056
	0.004
	0.014
	0.342

	
	Shrimp
	0.007
	0.002
	0.080
	0.023
	0.025
	0.003
	0.007
	0.147

	
	Crab
	0.017
	0.015
	0.215
	0.070
	0.043
	0.005
	0.018
	0.383

	Ogoni
	Periwinkle
	0.045
	0.006
	0.159
	0.042
	0.060
	0.004
	0.011
	0.327

	
	Shrimp
	0.009
	0.001
	0.296
	0.020
	0.019
	0.002
	0.009
	0.356

	
	Crab
	0.027
	0.018
	0.194
	0.063
	0.036
	0.003
	0.007
	0.348

	Eleme
	Periwinkle
	0.054
	0.007
	0.304
	0.060
	0.074
	0.005
	0.016
	0.521

	
	Shrimp
	0.012
	0.002
	0.171
	0.030
	0.030
	0.003
	0.008
	0.256

	
	Crab
	0.035
	0.022
	0.288
	0.081
	0.050
	0.006
	0.020
	0.502

	Omoku
	Periwinkle
	0.038
	0.006
	0.201
	0.049
	0.058
	0.004
	0.013
	0.369

	
	Shrimp
	0.009
	0.001
	0.131
	0.025
	0.023
	0.003
	0.007
	0.198

	
	Crab
	0.023
	0.016
	0.217
	0.067
	0.041
	0.004
	0.014
	0.382

	Reference Standard
	1
	1
	1
	1
	1
	1
	1
	1










3.4 Carcinogenic Risk (CR) of Heavy Metals via Seafood Consumption from four Communities in Rivers State
Table 4 is a representation of the carcinogenic risk (CR) of heavy metals via seafood consumption from four communities in Rivers State.
Lead (Pb) carcinogenic risk values ranged from 2.18E-07 to 1.61E-06. The highest carcinogenic risk value for Pb was recorded in periwinkle from Eleme, while the lowest was observed in shrimp from Bonny. 
Cadmium (Cd) carcinogenic risk values ranged from 6.95E-06 to 1.36E-04, with the highest carcinogenic risk found in crab from Bonny and the lowest in shrimp from Ogoni. 
Chromium (Cr) carcinogenic risk values varied between 1.20E-04 and 4.56E-04. The highest Cr carcinogenic risk was recorded in periwinkle from Eleme, whereas the lowest was observed in shrimp from Bonny.
Nickel (Ni) carcinogenic risk ranged from 3.66E-04 to 1.47E-03. The highest Ni carcinogenic risk occurred in crab from Eleme, while the lowest was found in shrimp from Ogoni. 
Copper (Cu), iron (Fe), and zinc (Zn) were not included in the carcinogenic risk assessment in this study because they are not carcinogenic metals. 
The total carcinogenic risk (TCR) ranged from 5.41E-04 to 2.04E-03, with the highest TCR recorded in crab from Eleme whereas shrimp from Bonny posed the lowest carcinogenic risk.
Table 4: Carcinogenic Risk (CR) of Heavy Metals via Seafood Consumption from four Communities in Rivers State
	Location
	Sample
	Pb
	Cd
	Cr
	Ni
	Cu
	Fe
	Zn
	TCR

	Bonny
	Periwinkle
	1.02E-06
	3.14E-05
	2.75E-04
	8.35E-04
	-
	-
	-
	1.14E-03

	
	Shrimp
	2.18E-07
	1.04E-05
	1.20E-04
	4.10E-04
	-
	-
	-
	5.41E-04

	
	Crab
	5.10E-07
	1.36E-04
	3.23E-04
	1.26E-03
	-
	-
	-
	1.72E-03

	Ogoni
	Periwinkle
	1.33E-06
	3.66E-05
	2.39E-04
	7.67E-04
	-
	-
	-
	1.04E-03

	
	Shrimp
	2.67E-07
	6.95E-06
	4.44E-04
	3.66E-04
	-
	-
	-
	8.17E-04

	
	Crab
	8.02E-07
	1.10E-04
	2.92E-04
	1.14E-03
	-
	-
	-
	1.54E-03

	Eleme
	Periwinkle
	1.61E-06
	4.53E-05
	4.56E-04
	1.10E-03
	-
	-
	-
	1.60E-03

	
	Shrimp
	3.58E-07
	1.22E-05
	2.57E-04
	5.49E-04
	-
	-
	-
	8.19E-04

	
	Crab
	1.04E-06
	1.36E-04
	4.32E-04
	1.47E-03
	-
	-
	-
	2.04E-03

	Omoku
	Periwinkle
	1.14E-06
	3.48E-05
	3.01E-04
	8.90E-04
	-
	-
	-
	1.23E-03

	
	Shrimp
	2.55E-07
	8.72E-06
	1.96E-04
	4.51E-04
	-
	-
	-
	6.56E-04

	
	Crab
	6.89E-07
	9.64E-05
	3.26E-04
	1.22E-03
	-
	-
	-
	1.64E-03

	Reference Standard
	10-6 – 10-4
	10-6 – 10-4
	10-6 – 10-4
	10-6 – 10-4
	10-6 – 10-4
	10-6 – 10-4
	10-6 – 10-4
	10-6 – 10-4


	
4. DISCUSSION
The concentrations of heavy metals in periwinkle, shrimp, and crab collected from four selected communities in Rivers State, Nigeria, are presented in Table 1. In periwinkle, the distribution of metals followed the order Zn > Fe > Cu > Ni > Cr > Pb > Cd, in shrimp it was Fe > Zn > Cu > Ni > Cr > Pb > Cd, and in crab it was Zn > Fe > Cu > Ni > Cr > Pb > Cd. The general trend across species was Crab > Periwinkle > Shrimp, reflecting the well-documented bioaccumulation patterns of benthic and scavenging organisms, which tend to accumulate higher concentrations of metals due to prolonged exposure to sediments and their feeding habits (Sharifuzzaman et al., 2016). These findings are consistent with other studies conducted in the Niger Delta, where crabs, being omnivorous benthic feeders, exhibit higher heavy metal burdens than filter-feeding organisms such as shrimp (Gajendran, 2020). The persistence of these metals in aquatic ecosystems is of particular concern, as they bioaccumulate through trophic transfer, increasing the risk of chronic exposure for local populations reliant on seafood as a dietary staple (Oros, 2025).
Lead levels ranged from 0.09 ± 0.01 mg/kg in shrimp from Bonny to 0.72 ± 0.03 mg/kg in periwinkle from Omoku. Concentrations in periwinkle from Eleme (0.68 ± 0.03 mg/kg) and Omoku exceeded the WHO permissible limit of 0.5 mg/kg, indicating contamination likely associated with industrial discharges, petroleum exploration, and oil-related anthropogenic activities (Adeola et al., 2022). The Pb levels in crab from Omoku (0.53 ± 0.03 mg/kg) and Eleme (0.47 ± 0.03 mg/kg) further demonstrate the spatial variation in contamination across communities, reflecting differences in industrial intensity, local effluent inputs, and sediment contamination profiles. These results corroborate findings by Akpos et al. (2025), who reported significant Pb accumulation in seafood harvested near industrial hubs in Port Harcourt, emphasizing chronic exposure risks for residents dependent on local seafood for protein intake.
Lead is a non-essential, cumulative toxin with neurotoxic effects, particularly concerning for children, whose developing nervous systems are highly susceptible. Chronic Pb exposure can result in anemia, cognitive deficits, renal dysfunction, and disruption of enzymatic functions critical to metabolic processes (Xie et al., 2022). Moreover, Pb can bioaccumulate in human tissues over time, and its long biological half-life exacerbates the risks associated with repeated dietary intake. The differences in Pb concentrations observed between species and locations likely reflect a combination of bioavailability in sediments, species-specific uptake, and the influence of seasonal variations in water chemistry, such as pH and salinity, which affect metal solubility and mobility (Falfushynska et al., 2024).
Cadmium concentrations varied from 0.004 ± 0.001 mg/kg in shrimp from Ogoni to 0.081 ± 0.004 mg/kg in crab from Omoku, with crab from Eleme and Omoku exceeding the WHO limit of 0.05 mg/kg. Cadmium enrichment in these areas may be attributed to industrial effluent, small-scale oil refining, and agricultural runoff containing phosphate fertilizers, which enhance Cd mobilization into water bodies. However, most Cd values were within internationally accepted thresholds, consistent with the Yokri Community study where Estimated Daily Intakes (EDIs) did not exceed tolerable daily intake levels, suggesting limited risk under typical consumption patterns (Lovell et al., 2023).
Cadmium is a highly toxic, non-essential metal that accumulates primarily in the kidneys and liver following dietary intake. Chronic exposure has been linked to renal tubular dysfunction, bone demineralization, and increased risk of cardiovascular diseases. Its presence in seafood is particularly concerning because even low-level chronic exposure can result in progressive organ damage over time (Tacon et al., 2024). The variation in Cd concentrations among species and locations suggests that the highest levels were found in organisms from areas with more pronounced industrial activity, sediment disturbance, and oil spills, highlighting the role of anthropogenic stressors in metal bioaccumulation (Edo et al., 2024).
Chromium levels ranged from 0.84 ± 0.03 mg/kg in shrimp from Bonny to 4.72 ± 0.08 mg/kg in crab from Omoku, far exceeding the WHO limit of 1.0 mg/kg. Chromium concentrations were particularly high in crabs from Omoku and Eleme, which are known hotspots for petroleum exploration and pipeline vandalism. Elevated Cr levels in seafood are consistent with other recent reports from the Niger Delta, highlighting industrial and petroleum-related activities as primary contributors (Ola et al., 2024).
While chromium is an essential micronutrient involved in glucose metabolism and lipid regulation, excessive intake especially of hexavalent chromium is carcinogenic and can cause gastrointestinal distress, hepatotoxicity, and nephrotoxicity. The high Cr levels observed in all seafood species highlight the potential for chronic exposure in local populations and highlight the need for routine environmental monitoring and regulation of industrial discharges (Tolkou et al., 2023).
Nickel concentrations exceeded the WHO limit of 1.0 mg/kg in all species, with the highest values observed in crab from Omoku (7.94 ± 0.10 mg/kg). Elevated Ni levels in seafood have been linked to vehicular emissions, bush burning, industrial effluents, and metal corrosion products entering aquatic environments. Nickel exposure can induce dermatitis, respiratory irritation, and has been implicated in systemic carcinogenesis (Genchi et al., 2020). Seasonal variation may also play a role, as high-flow wet seasons can enhance Ni leaching from soils and sediments into water, thereby influencing uptake by benthic organisms (Huang et al., 2025).
Copper, iron, and zinc concentrations were below WHO permissible limits (30, 50, and 50 mg/kg respectively), although some samples, notably periwinkle and crab from Omoku and Eleme, showed relatively high values. These metals are essential trace elements, critical for enzymatic functions and physiological processes, but they can be toxic at high concentrations. Iron and zinc levels were consistent with recent studies in the Niger Delta, which reported elevated but safe concentrations for these essential metals (Onyena et al., 2024). Elevated copper in crabs from oil-producing zones further reflects the influence of anthropogenic activities, particularly corrosion of pipelines and industrial effluents containing trace metals (Jeffery, 2025).
Copper plays a role in hemoglobin synthesis and is essential for enzymatic functions, whereas zinc is crucial for immune system regulation and reproductive health. Despite being below toxic thresholds, continuous monitoring is necessary because chronic exposure to slightly elevated levels may have cumulative health effects.
EDI values were compared with respective oral reference doses (RfD). Although most heavy metals showed EDI values below the RfD thresholds, some Cd estimates in crabs from Eleme and Omoku approached levels of concern, reflecting localized bioaccumulation hotspots. This implies that while acute toxicity risk is low, chronic intake through habitual seafood consumption could present health hazards over time. Bioavailability differences among species, influenced by their feeding habits and sediment exposure, account for the variation in EDIs across communities (Naz et al., 2025).
THQ and HI values for all metals were <1 (Table 3), indicating no significant non-carcinogenic risk according to USEPA guidelines. The HI ranged from 0.147 in shrimp from Bonny to 0.521 in periwinkle from Eleme, suggesting cumulative exposure remains below levels of concern. These results are consistent with other studies in southern Nigeria, which reported THQ <1 for Pb, Cd, Cr, Ni, Cu, Fe, and Zn despite localized metal hotspots (Oloruntoba et al., 2024). However, the proximity of certain HI values to 0.5 underscores the need for caution, as repeated, long-term exposure could elevate risk, particularly for sensitive groups such as pregnant women and children.
CR and TCR values showed that periwinkle and crab from Eleme and Omoku approached or slightly exceeded the upper bounds of acceptable lifetime risk (10⁻⁴–10⁻⁶). These elevated risks are largely attributable to Pb, Cr, and Ni, consistent with broader Niger Delta assessments linking industrial and petroleum activities to carcinogenic metal contamination in seafood (Chris et al., 2023). While non-carcinogenic risks were below critical thresholds, the data highlight that long-term dietary exposure to contaminated seafood could contribute to increased cancer incidence over a lifetime, particularly among frequent consumers.
Spatial variation in metal concentrations was evident, with Omoku and Eleme consistently showing higher levels of Pb, Cd, Cr, and Ni compared to Bonny and Ogoni. This pattern is likely influenced by local industrialization, oil exploitation, and pipeline vandalism, which increase sediment contamination and subsequent bioaccumulation in benthic organisms (Kayode-Edwards & Isibor, 2024). Seasonal differences, though not explicitly measured in this study, may further modulate metal bioavailability and accumulation, as precipitation patterns and water flow rates affect sediment resuspension and metal solubility (Dong et al., 2019).
The bioaccumulation of Pb, Cd, Cr, and Ni in seafood has significant public health implications. Chronic ingestion of these metals, even at subclinical doses, can cause neurological impairments, kidney dysfunction, bone demineralization, and increased cancer risk (Paithankar et al., 2023). Children, pregnant women, and immunocompromised individuals are particularly vulnerable. While essential metals such as Cu, Fe, and Zn remained within safe limits, the presence of non-essential toxic metals necessitates public awareness, regulatory interventions, and sustainable management of industrial discharges to mitigate exposure.
The present study corroborates prior research in the Niger Delta, which reported elevated levels of Pb, Cd, Cr, and Ni in seafood near oil-producing communities (Ighariemu et al., 2023). However, some discrepancies exist. The Pb levels in periwinkle from Eleme were slightly higher than reported by Essien, et al. (2025), likely due to differences in sampling period, sediment contamination, and local anthropogenic inputs. Similarly, Cd concentrations were lower than those reported in small-scale refinery zones, reflecting localized variability in pollutant sources and hydrological factors. The comparison highlights the importance of site-specific assessments to accurately capture the risk profile of seafood consumption.
Bioaccumulation occurs through direct uptake from water, sediment, and dietary sources. Benthic species such as crabs are particularly susceptible due to sediment ingestion and sediment-contact feeding. Metals absorbed by gills and hepatopancreas accumulate over time, explaining the observed species-specific differences (Gong et al., 2025). Sediment contamination from crude oil spills, pipeline vandalism, and industrial effluents acts as a long-term reservoir of heavy metals, continually influencing bioavailability and trophic transfer.
Moreover, synergistic effects of multiple metals may exacerbate toxicity, even when individual metals are below permissible limits. Chronic exposure to combined metal mixtures can result in additive or even supra-additive effects on human health, particularly affecting renal, neurological, and cardiovascular systems (Willadsen et al., 2021). The study underscores the necessity of evaluating combined exposure risks, as reflected in the Hazard Index calculations.
The findings from this study provide critical data to inform public health interventions and environmental regulations in Rivers State. While non-carcinogenic risks are currently within acceptable limits, the potential for chronic exposure to carcinogenic metals requires attention. Policies should include routine monitoring of seafood, sediment, and water for heavy metals, enforcement of industrial discharge limits, and community education on the risks associated with frequent consumption of contaminated seafood. Environmental remediation and pollution control strategies in hotspots such as Eleme and Omoku are essential to reduce bioaccumulation and safeguard public health.
Furthermore, the study demonstrates that while essential metals in seafood are within permissible limits, non-essential toxic metals, particularly Pb, Cd, Cr, and Ni are elevated in specific communities, reflecting localized industrial and oil-related pollution. Crab and periwinkle are the most contaminated species due to their benthic feeding habits and sediment interaction. Estimated daily intake, target hazard quotient, and hazard index analyses indicate limited non-carcinogenic risk for adults; however, carcinogenic risk assessments suggest a potential long-term health threat for populations with high seafood dietary dependence. These findings underscore the urgent need for environmental monitoring, regulatory enforcement, and public education to mitigate the risks associated with heavy metal contamination in seafood from Rivers State, Nigeria. The study contributes to a growing body of literature emphasizing the complex interplay between industrial pollution, sediment contamination, and human health risk in the Niger Delta region (Alao et al., 2025; Ofori et al., 2021).
5. CONCLUSION
This study reveals that seafood from selected communities in Rivers State, Nigeria, contains elevated levels of non-essential toxic metals particularly Pb, Cd, Cr, and Ni which reflect localized industrial and oil-related pollution. Crab and periwinkle exhibited the highest bioaccumulation due to their benthic feeding habits and sediment interaction. While essential metals (Cu, Fe, Zn) remained within safe limits, estimated daily intake and hazard assessments indicate limited non-carcinogenic risk, whereas carcinogenic risk from long-term consumption may pose a health concern. These findings underscore the need for continuous environmental monitoring, regulatory enforcement, and public awareness to safeguard seafood safety and human health in the Niger Delta.
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