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Heavy Metal Pollution in the Ona River and Its Potential Human Health Consequences
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ABSTRACT

	Aims: This study investigates the levels, sources, and ecological implications of heavy metal contamination in River Ona within its residential catchment. 
Methodology: Water and sediment samples were analyzed for Fe, Cu, Ni, Zn, Mg, Mn, and As using standard analytical procedures. The degree of contamination was evaluated through multiple indices, including the Geo-accumulation Index (Igeo), Contamination Factor (CF), Enrichment Factor (EF), Pollution Load Index (PLI), and Ecological Risk Index (ERI).
Results: Results revealed moderate to high pollution levels, with arsenic and manganese posing the greatest ecological risks. Health risk assessment showed that the non-carcinogenic Hazard Index (HI) exceeded the safe threshold at all sites, primarily due to magnesium, arsenic, and manganese. The carcinogenic risk (CR) was dominated by arsenic, with total cancer risk (TCR) values far above the USEPA acceptable range, indicating a significant long-term risk of cancer for exposed populations. 
Conclusion: The study concludes that the river system is under emerging heavy metal stress primarily from industrial effluents, domestic runoff, and agricultural inputs. Regular environmental surveillance and pollution control measures are essential to prevent further accumulation and protect human and ecological health.
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1. INTRODUCTION

Water quality deterioration, lack of access to safe and clean water are among the serious environmental problems challenging many countries of the world today. The reason for this problem cannot be untied from the ever-increasing population increase, industrialization and urbanization (Wang and Choi, 2019). Water is an essential natural resource that supports all forms of life and plays a vital role in sustaining ecological balance, agriculture, industrial development, and domestic activities. However, rapid urbanization, industrial expansion, and population growth in developing nations have increasingly contributed to the deterioration of water quality in rivers and other freshwater bodies (Lemessa et al., 2023; Lin et al., 2022). Rivers that traverse residential areas are particularly vulnerable to contamination due to indiscriminate waste disposal, sewage discharge, and runoff containing heavy metals and other pollutants (Abraham et al., 2023; Ozoh et al., 2021; Zhang et al., 2023). Consequently, the assessment of heavy metal contamination in surface water systems has become a critical environmental and public health concern.
Heavy metals such as lead (Pb), cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), zinc (Zn), iron (Fe), manganese (Mn), and arsenic (As) are of particular interest due to their persistence, bioaccumulative nature, and potential toxicity even at low concentrations (Balali-Mood et al., 2021; Ahamad et al., 2024). Unlike organic contaminants that can degrade over time, heavy metals remain in aquatic systems and sediments, posing long-term risks to aquatic organisms and humans (El-Sharkawy et al., 2025; Hama Aziz et al., 2025). Exposure to contaminated water can result in a range of health issues, including neurological disorders, kidney dysfunction, cancer, and developmental abnormalities (Ashong et al., 2025; Lin et al., 2022; Ejiohuo et al., 2025). For communities that depend on river water for domestic, agricultural, or recreational purposes, the implications are both environmental and socio-economic.
In Nigeria, many rivers that flow through densely populated regions have been subjected to significant anthropogenic pressure (Edoreh et al., 2021; Okey-Wokeh et al., 2023). The River Ona, located in Ibadan, Oyo State, is one of such rivers that receives a considerable amount of household waste, agricultural runoff, and industrial effluents. It traverses multiple residential neighborhoods where untreated domestic wastewater and refuse are frequently discharged directly into the river channel. These activities contribute to elevated concentrations of heavy metals and other pollutants, thereby compromising the river’s ecological health and rendering it unsafe for human use without treatment. River Ona is increasingly subjected to pollution pressures as it flows through densely populated residential areas in Ibadan (Nkeshita et al., 2021; Ganiyu et al., 2022; Thomas and Egbinola, 2025). These areas contribute significantly to water quality degradation through untreated household wastewater, surface runoff, open defecation, and refuse disposal. One of the major issues is the changing land use patterns, expanding settlements, and unplanned development, which directly affect the quality of water entering the river (Abali and Nkii, 2024; Son et al., 2023).
To understand the extent of contamination and associated health risks, pollution indices such as the Geo-Accumulation Index (Igeo), Contamination Factor (CF), Enrichment Factor (EF), and Pollution Load Index (PLI) are often employed. These indices provide a scientific framework for quantifying pollution levels, distinguishing between natural and anthropogenic sources, and determining the degree of heavy metal enrichment. Furthermore, health risk assessment models are applied to evaluate the potential non-carcinogenic and carcinogenic risks associated with exposure to contaminated water through ingestion and dermal contact pathways. Previous studies have demonstrated that rivers in urban centers across Nigeria often exceed the permissible limits of heavy metals as stipulated by the World Health Organization (WHO) and the Nigerian Standard for Drinking Water Quality (NSDWQ). However, site-specific studies focusing on the residential sections of River Ona remain limited, despite the increasing reliance of residents on its water for domestic and small-scale agricultural uses. Understanding the contamination profile of this river is crucial for developing mitigation strategies, promoting public health awareness, and guiding environmental policy in Ibadan and similar urban regions. Therefore, this study focused on the Assessment of Heavy Metal Contamination and Associated Health Risks in River Ona (Residential Area) Using Pollution Indices. The study aims to determine the concentration of selected heavy metals in the river water, evaluate their degree of contamination using established pollution indices, and estimate the potential human health risks posed by exposure to these metals.

2. methodology
This study adopts an experimental and analytical research design aimed at assessing the pollution load of River Ona in selected residential areas. Water samples were collected systematically from three different points along the river, analyzed in the laboratory for physicochemical, heavy metals, and microbiological parameters, and compared with established standards such as those of the World Health Organization (WHO) and the Nigerian Standard for Drinking Water Quality (NSDWQ).
2.1 Description of the Study Area 
Ibadan has remained to be the largest cities in Nigeria and the administrative capital of Oyo State, with a population of over 3 million people, the city is the third-largest in Nigeria and, using urbanized area criteria, the city is ranked 141 in the world and the 4th largest in Nigeria. It has 2 major drainage basins which is the Ogunpa River basin and the Ona River basin.  
The River Ona flows through Ibadan, Oyo State, Nigeria, and passes across residential neighborhoods where it serves domestic, agricultural, and recreational purposes. The Ona River basin is located in the western part of the Ibadan metropolis of Nigeria within latitude 7◦14′ 39.04′′N to 7◦38′ 17.7′′N and longitude 3◦47′ 9.39′′E to 3◦59′ 39.5′′E.  Ona river basin occupies an area of 479.3 km2 with an average elevation of roughly 272 m above sea level and it flows through the low-density western part of Ibadan. The river flows in a north-south direction from its source at (Ido Local Government Area) where it is dammed and also flows through ApataGenga (Ibadan south-west Local Government Area) to Oluyole Local Government. 
The river is characterized by heavy anthropogenic influence, including indiscriminate waste disposal and direct sewage discharge. For this study, the focus will be on residential sections of the river, where the impact of household waste disposal is most pronounced. GPS coordinates will be taken at each sampling site for accuracy and reproducibility.

2.2 Sampling Collection and Preservation for Physiochemical Analysis
The study aimed to assess heavy metal, heavy metal indices and pollution index parameters of Ona River. A total of three sampling stations were identified within the stretch. Exact positions were marked to ensure reproducibility (Figure1). 
Water samples will be collected using clean plastic bottle containers from three major sections of the river within the residential stretch; upstream, midstream, and downstream featuring the catchment discharge area. At each sampling point, the bottles will be thoroughly rinsed with the river water before collecting the final samples to ensure consistency and avoid contamination. For physicochemical analysis, samples will be preserved by cooling in an icebox and stored at 4°C to prevent chemical alteration before laboratory analysis. For microbial analysis, sterile containers will be used, and samples will be analyzed within 6 hours of collection to maintain microbial integrity. All samples will be properly labelled, and precautions will be taken to avoid cross-contamination between sampling points.
[image: ]
Figure1: Map of River Ona showing the sampling points.

2.3 Heavy Metal Analysis
An investigation of heavy metals was conducted to ascertain the concentration of harmful trace elements in the river water. Samples underwent acid digestion with intense mixes of nitric and perchloric acids to decompose organic materials and liberate bound metals into solution. The processed samples were subsequently examined via Atomic Absorption Spectrophotometry (AAS) for heavy metals such as lead (Pb), cadmium (Cd), chromium (Cr), copper (Cu), zinc (Zn), nickel (Ni), manganese (Mn), iron (Fe), and arsenic (As).  These metals were selected for their significance to environmental and public health concerns. Lead (Pb) is a powerful neurotoxic, cadmium (Cd) induces renal toxicity, arsenic (As) is a known carcinogen, chromium (Cr) is present in industrial effluents like electroplating and tanning, mercury (Hg) bioaccumulates in aquatic environments, and nickel (Ni) poses a potential carcinogenic risk. Concentrations were measured and contrasted with the permitted thresholds established by the World Health Organisation (WHO) and the Nigerian Standards for Drinking Water Quality (NSDWQ). .
2.3.1 Geo-Accumulation Index (Igeo)
The Geo-Accumulation Index (Igeo) evaluates the extent of heavy metal pollution in sediments or soils by contrasting present concentrations with pre-industrial baseline levels. It is calculated using Equation (1).
							1
Where,
Cn	=	measured concentration of the metal in the sample
Bn	=	geochemical background concentration of the metal
The constant 1.5 accounts for possible variations in background values due to lithogenic effects.
Interpretation of Igeo Values (Müller, 1969):
Igeo	≤	0	→	Uncontaminated
0	<	Igeo	<	1	→ Uncontaminated to moderately contaminated
1	≤	Igeo	<	2	→	Moderately contaminated
2	≤	Igeo	<	3	→	Moderately to heavily contaminated
3	≤	Igeo	<	4	→	Heavily contaminated
4	≤	Igeo	<	5	→	Heavily to extremely contaminated
Igeo	≥	5	→	Extremely contaminated
The Igeo provides a clear indication of anthropogenic influence. Higher values in the Ona River would suggest that industrial, agricultural, or domestic discharges are contributing significantly to metal enrichment.

2.3.2 Contamination Factor (CF)
The Contamination Factor quantifies the extent of contamination by certain heavy metals in environmental media, including soil, sediment, or water. It was calculated using Equation 2:
						2
Where:
Ci​	=	Measured concentration of the element in the sample
Cn​	=	Background concentration or reference value (e.g., WHO 	standard or local baseline)
Interpretation of CF Values
CF	<	1	→	Low contamination (no significant pollution)
1	≤	CF	<	3	→	Moderate contamination
3	≤	CF	<	6	→	Considerable contamination
CF	≥	6	→	Very high contamination
A high concentration factor for elements such as lead (Pb), chromium (Cr), or cadmium (Cd) in water or soil signifies probable anthropogenic contributions and environmental health risks. This study will utilise the CF to identify metals present at amounts significantly beyond permissible limits, indicating pollution from industrial or urban sources.

2.3.3 Enrichment Factor (EF)
The Enrichment Factor (EF) assesses the extent of anthropogenic contributions of heavy metals in sediments or soils compared to natural (crustal) sources. It standardises heavy metal concentrations relative to a reference element, often Fe, Al, or Ti, employing Equation 3.
						3
Where:
Cx	=	concentration of the target heavy metal in the sample
Cref	=	concentration of the reference element in the sample
Bx	=	background concentration of the target heavy metal
Bref	=	background concentration of the reference element
Interpretation of EF Values
EF	≈	1	→ Metal originates mainly from crustal materials (no enrichment)
1	<	EF	<	3	→	Minor enrichment
3	≤	EF	<	5	→	Moderate enrichment
5	≤	EF	<	10	→	Significant enrichment
10	≤	EF	<	25	→	Very high enrichment
EF	>	25	→	Extremely high enrichment
An EF greater than 5 in Ona River samples would suggest that the metals are largely from anthropogenic inputs such as industrial effluents, vehicular emissions, or agricultural runoff.

2.3.4	Pollution Load Index (PLI)
The Pollution Load Index offers a comprehensive assessment of the total heavy metal pollution at a location. The calculation involves determining the nth root of the product of n contamination factors as shown in Equation 4:
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Where;
CF1, CF2, ..., CFn =	contamination factors for n different metals
Interpretation of PLI Values
PLI	=	1	→	Baseline level of pollutants (no pollution)
PLI	<	1	→	No or low pollution
PLI	>	1	→	Pollution exists and its severity increases with the value
The PLI facilitates the comparison of locations or samples. A PLI exceeding 1 in the water samples indicates cumulative pollution, necessitating prompt action for source identification and treatment.

2.3.5	Ecological Risk Index (Er)
The Ecological Risk Index assesses the potential ecological risk posed by individual heavy metals. It combines the contamination factor with the toxic response factor (Tr) of each metal (Eqn. 5):
ERI	=	CF	x	 Tr					5
Where:
Tr	 =	Toxic response factor, which varies by metal 
(e.g., Cd = 30, As = 10, Pb = 5, Cu = 5, Cr = 2, Zn = 1, Ni = 5)
Interpretation of ERI Values
ERI	<	40	→	Low potential ecological risk
40	≤	ERI	<	80	→	Moderate risk
80	≤	ERI	<	160	→	Considerable risk
160	≤	ERI	<	320	→	High risk
ERI	≥	320	→	Very high risk
When ERI is calculated for each metal in the samples, it shows which pollutants are not just present in high concentrations but also pose significant ecological harm based on their toxicity. For example, cadmium and arsenic, even in low concentrations, can have high ERI values due to their strong toxicity.

2.3.6	Human Health Risk Assessment (HHRA)
Human Health Risk Assessment (HHRA) evaluates the potential health risks associated with human exposure to heavy metals through ingestion, dermal contact, and inhalation. It is divided into non-carcinogenic risk and carcinogenic risk.
[bookmark: _Hlk209984700]2.3.6.1	Non-Carcinogenic Risk (HQ)
The Average Daily Dose (ADD) for each exposure pathway is calculated using standard USEPA (1989, 2011) models as shown in Equation 6.
						6
Where;
	C	=	concentration of metal in water/soil (mg/L or mg/kg)
	IR	=	ingestion rate (L/day or mg/day)
	EF	=	exposure frequency (days/year)
	ED	=	exposure duration (years)
	BW	=	body weight (kg)
	AT	=	averaging time (days)
The Hazard Quotient (HQ) is then derived ass shown in Equation 7
							7
	Where;
		RfD	=	Reference dose (mg/kg/day)
The Hazard Index (HI) is the sum of HQs across all metals and pathways;
							8
Interpretation of HL Values
HI	<	1	→	No significant non-carcinogenic health risk
HI	≥	1	→	Potential adverse health effects

2.3.6.2	Carcinogenic Risk
Carcinogenic risk is assessed using the Cancer Risk (CR) mode
CR	=	ADD	x	SF				9
Where;
	SF	=	Slope factor (mg/kg/day)-1
The cumulative cancer risk (TCRTCRTCR) is calculated by summing CR across metals and pathways:
							10
Interpretation (USEPA guidelines)
1 × 10−6	to	1 × 10−4	→	Acceptable risk range
TCR		>	1 × 10−4 	→	Potentially unacceptable cancer risk
In the context of Ona River, elevated HQ or HI values would suggest potential non-carcinogenic risks (e.g., kidney or neurological damage), while high CR or TCR values would indicate long-term cancer risks due to chronic exposure to toxic metals such as arsenic, cadmium, or chromium.

3. results and discussion
3.1 Heavy Metal Concentration Analysis
The results are discussed in relation to national and international water quality standards, such as the Nigerian Standard for Drinking Water Quality (NSDWQ, 2015) and the World Health Organization (WHO, 2017) guidelines. Comparative discussions are made with findings from other related studies to highlight similarities and deviations. The average concentration of heavy metals in the water samples are presented on Table 1.
Table 1.	Average Concentration of Heavy Metals in Water Samples Collected at Ona River
	S/N
	Loc 1
	Loc 2
	Loc 3
	WHO Guideline
	Nigerian Standard
	EPA Maximum Contaminant Level

	Chromium
	0.03 + 0.01
	0.02 + 0.01
	0.01 + 0.00
	0.05
	0.05
	0.1

	Cadmium
	BDL
	BDL
	BDL
	0.005
	0.003
	0.005

	Arsenic
	0.01 + 0.01
	0.02 + 0.01
	0.02 + 0.01
	0.05
	0.01
	0.01

	Magnesium
	11.50 + 2.29
	10.17 + 1.76
	8.50 + 1.32
	
	
	

	Manganese
	3.80 + 1.35
	3.93 + 1.48
	5.27 + 0.74
	0.4
	0.1
	0.05

	Zinc
	0.09 + 0.02
	0.07 + 0.01
	0.09 + 0.01
	5
	3
	5

	Nickel
	0.05 + 0.01
	0.04 + 0.01
	0.04 + 0.00
	0.07
	0.02
	0.07

	Lead
	BDL
	BDL
	BDL
	0.01
	0.01
	0.01

	Iron
	0.13 + 0.03
	0.08 + 0.02
	0.08 + 0.1
	0.3
	0.3
	0.3

	Copper
	0.02 + 0.00
	0.04 + 0.03
	0.03 + 0.00
	1.0
	1
	1.3



3.1.1 Chromium (Cr)
Chromium concentrations in the River Ona samples were 0.03 ± 0.01 mg/L (Loc 1), 0.02 ± 0.01 mg/L (Loc 2), and 0.01 ± 0.00 mg/L (Loc 3). When compared with international and national drinking water standards, WHO (0.05 mg/L), Nigerian Standard (0.05 mg/L), and EPA (0.1 mg/L), all measured concentrations fall below the permissible limits. This indicates that chromium contamination in the river is currently within safe levels for drinking water purposes. The trend across locations shows a gradual decrease in chromium concentration downstream, with Loc 1 recording the highest value and Loc 3 the lowest. This pattern suggests that chromium may be entering the river from localized sources in the upstream residential catchment, possibly from household waste disposal (paints, cleaning agents, and discarded electronics often contain trace chromium compounds); runoff from construction materials or corrugated roofing sheets that sometimes release chromium during corrosion; and improper disposal of small-scale industrial residues, especially if artisan workshops or tanneries are present in the residential area.
Although the values are below the regulatory thresholds, chromium remains a priority pollutant because of its toxicological significance. Hexavalent chromium [Cr(VI)] in particular is highly toxic, with long-term exposure linked to carcinogenic, mutagenic, and teratogenic effects. Even at low levels, continuous bioaccumulation in aquatic ecosystems can pose risks to fish and ultimately to humans through the food chain. Comparatively, similar studies on Nigerian rivers impacted by domestic and industrial waste have reported chromium values in the range of 0.01–0.08 mg/L, which aligns with the current findings for River Ona (Nwankwoala and Ekpewerechi, 2017; Onwualu-John and Offodile, 2023). This further supports the view that chromium in this case likely arises from diffuse anthropogenic activities rather than a singular point source. While chromium levels in River Ona are within safe drinking water standards, their presence reflects ongoing anthropogenic influence on the river. Continuous monitoring is recommended, as cumulative exposure and potential shifts in land-use practices (e.g., more industrial activities) could raise concentrations above safe limits in the future
3.1.2 Cadmium (Cd)
Cadmium was found to be below detection limit (BDL) across all three sampling locations in River Ona. This indicates that cadmium concentrations are negligible or absent in the river water at the time of sampling. When compared to drinking water standards, WHO (0.005 mg/L), Nigerian Standard (0.003 mg/L), and EPA (0.005 mg/L), the results confirm that cadmium levels are well within permissible limits. This is a positive outcome because cadmium is one of the most toxic heavy metals in aquatic systems. Long-term exposure, even at low concentrations, can lead to kidney dysfunction, bone demineralization (Itai-Itai disease), and increased risk of cancer. Its absence in River Ona therefore reduces the immediate health risks associated with heavy metal contamination.
The absence of detectable cadmium also suggests that the river is not significantly impacted by common cadmium sources, which include industrial discharges (battery production, metal plating, pigments, and plastics); improper disposal of electronic waste and batteries in open dumps; and fertilizers and pesticides that sometimes contain cadmium as an impurity. Given that the study area is a residential catchment, the likelihood of large-scale industrial cadmium inputs is low, which is consistent with the observed BDL results (Birke et al., 2017). Comparative studies in urban rivers in Nigeria and beyond often report cadmium in trace amounts (0.001–0.01 mg/L) where industrial and e-waste activities are prevalent (Austin and Udousoro, 2021; Ramadan et al., 2024). The fact that River Ona shows no detectable cadmium reflects either limited local sources or effective natural dilution/attenuation processes. Cadmium is not a current pollutant of concern in River Ona. However, continuous monitoring is advised because cadmium can enter aquatic systems suddenly through waste disposal practices, especially with the rising use and poor disposal of electronic devices and batteries in residential areas.
3.1.3 Arsenic (As)
Arsenic concentrations were measured at 0.01 ± 0.01 mg/L (Loc 1), 0.02 ± 0.01 mg/L (Loc 2), and 0.02 ± 0.01 mg/L (Loc 3). When compared with drinking water standards, the results show a mixed picture. The values are within the WHO permissible limit (0.05 mg/L), however, they exceed both the Nigerian Standard (0.01 mg/L) and the EPA Maximum Contaminant Level (0.01 mg/L), particularly at Loc 2 and Loc 3. This implies that while arsenic levels are not critically high, they already pose potential health risks when benchmarked against the stricter national and EPA standards.
The spatial variation shows slightly higher arsenic values downstream (Loc 2 and Loc 3). This may suggest continuous inputs from residential wastewater, pesticide use, or leaching from soils with trace arsenic content. In residential areas, likely contributors include improper disposal of agrochemicals and herbicides, some of which contain arsenic compounds; burning or disposal of treated wood and paints, which may release arsenic residues; natural geochemical leaching from underlying soils and rocks (though anthropogenic sources are more likely in this context). Arsenic is of major concern because of its carcinogenicity and chronic toxicity. Long-term exposure, even at low concentrations, is associated with skin lesions, cardiovascular diseases, neurological impairment, and various cancers. Hence, the observed concentrations in River Ona warrant close attention, even though they are below WHO’s broader guideline. Arsenic concentrations in River Ona are moderately elevated: safe by WHO’s global standards but already unsafe by national (NSDWQ) and EPA standards. This indicates a growing risk that could escalate with continuous anthropogenic inputs. Proactive measures such as awareness campaigns, better waste disposal practices, and regular monitoring are necessary to prevent arsenic levels from rising further.
3.1.4 Magnesium (Mg)
Magnesium concentrations in River Ona were recorded as 11.50 ± 2.29 mg/L (Loc 1), 10.17 ± 1.76 mg/L (Loc 2), and 8.50 ± 1.32 mg/L (Loc 3). International drinking water standards generally recommend a desirable range of 10–50 mg/L for magnesium, with some guidelines suggesting that concentrations above 150 mg/L may cause adverse taste and health effects (WHO, 2017). The measured values therefore fall within acceptable ranges and are considered safe for human consumption. In fact, magnesium in drinking water is often beneficial, as it contributes to the body’s electrolyte balance and plays a role in bone and cardiovascular health. The trend shows slightly higher magnesium concentrations upstream (Loc 1), decreasing downstream (Loc 3). This could be due to local geological influence, as magnesium is naturally derived from the dissolution of minerals such as dolomite, limestone, and other carbonate rocks. In residential catchments, additional inputs may also come from detergents and domestic wastewater, though these are generally minor compared to natural geogenic sources.
Magnesium also plays a key role in the hardness of water. The hardness of the water results (27.87–32.00 mg/L) align with these magnesium concentrations, suggesting that magnesium is a major contributor to total hardness in River Ona. Fortunately, the water remains in the soft to moderately hard category, which poses no significant scaling or taste problems. River Ona’s magnesium content is primarily geogenic, with minimal anthropogenic enrichment. The Magnesium concentrations in River Ona are well within acceptable limits, beneficial from a nutritional standpoint, and contribute moderately to water hardness. Unlike other parameters such as BOD, COD, or arsenic, magnesium is not a pollutant of concern in this context.
3.1.5 Manganese (Mn)
The manganese concentrations were measured as 3.80 ± 1.35 mg/L (Loc 1), 3.93 ± 1.48 mg/L (Loc 2), and 5.27 ± 0.74 mg/L (Loc 3). These values are substantially higher than the recommended limits established by major regulatory bodies (WHO Guideline: 0.4 mg/L, Nigerian Standard (NSDWQ): 0.1 mg/L, and EPA Maximum Contaminant Level (MCL): 0.05 mg/L). All three sampling locations far exceed these permissible limits, in some cases by 10–100 times.
Manganese is an essential trace element required for enzyme function, bone formation, and metabolism. However, at elevated concentrations, it poses significant health and aesthetic risks such as neurological effects, children’s vulnerability and aesthetic concerns. Chronic exposure to high manganese in drinking water has been linked to neurological disorders, including memory loss, reduced motor skills, and a Parkinson-like syndrome (manganism). Infants and young children are especially at risk due to their developing nervous systems, with studies linking excess Mn intake to lower IQ and impaired cognitive function. High Mn imparts a bitter metallic taste, causes staining of laundry and plumbing fixtures, and can promote the growth of undesirable bacterial slimes in water distribution systems.
The elevated manganese levels in River Ona could originate from both natural and anthropogenic sources. This could be as a result of geological contributions, industrial/antropogenic inputs or reducing conditions. Weathering of Mn-rich minerals (pyrolusite, rhodochrosite) can naturally leach Mn into groundwater and surface water. The residential zone may contribute Mn through metal finishing, battery production, and wastewater discharges. Manganese is more soluble under low-oxygen (reducing) conditions, suggesting that industrial effluents or organic-rich wastewater may be creating favorable conditions for Mn mobilization. Interestingly, concentrations increase downstream (Loc 3 = 5.27 mg/L) compared to upstream (Loc 1 = 3.80 mg/L). This suggests cumulative inputs along the flow path, possibly from multiple discharge points or increased geochemical mobilization in stagnant or low-oxygen stretches of the river. Manganese concentrations in River Ona greatly exceed international and national standards, indicating serious contamination. While magnesium levels were within safe ranges, manganese poses a clear public health threat, especially for communities relying on this water for drinking and domestic purposes. Immediate intervention through water treatment (e.g., aeration, filtration, ion exchange, or greensand filters) is necessary to reduce Mn to safe levels.
3.1.6 Zinc (Zn)
The zinc concentrations recorded were 0.09 ± 0.02 mg/L (Loc 1), 0.07 ± 0.01 mg/L (Loc 2), and 0.09 ± 0.01 mg/L (Loc 3). These values are well below the permissible limits set by international and national standards (WHO Guideline: 5.0 mg/L, Nigerian Standard (NSDWQ): 3.0 mg/L, and EPA Maximum Contaminant Level (MCL): 5.0 mg/L) Zinc is an essential trace element involved in immune function, wound healing, and enzymatic activity. At low levels, it is non-toxic and beneficial to human health.  However, elevated zinc (typically >3–5 mg/L) can impart a bitter/metallic taste to water and cause stomach upset, nausea, or vomiting at very high doses. However, the observed values in River Ona are far below these thresholds.  Since the measured concentrations are 30–70 times lower than the limits, zinc does not pose a health risk in this study area.
The relatively low Zn levels suggest limited anthropogenic input, but possible contributors include, natural weathering of zinc-containing minerals (e.g., sphalerite, smithsonite); industrial activities, such as galvanization, electroplating, or runoff from roofing materials, though the low values suggest minimal influence; and domestic wastewater, which can contain trace zinc from detergents and plumbing corrosion. The concentrations are consistent across all three locations, with no significant downstream accumulation. This uniformity suggests that zinc input is either background geological or from diffuse non-point sources rather than major industrial discharges. Zinc concentrations in River Ona are within permissible limits and do not pose any health or environmental risks at present. Unlike manganese or arsenic, zinc is not a contaminant of concern in this region.
3.1.7 Nickel (Ni)
The measured nickel concentrations in River Ona were 0.05 ± 0.01 mg/L at Location 1, 0.04 ± 0.01 mg/L at Location 2, and 0.04 ± 0.00 mg/L at Location 3. When compared against water quality regulatory standards, these values comply with the WHO guideline (0.07 mg/L) and the EPA Maximum Contaminant Level (0.07 mg/L), but they exceed the Nigerian Standard for Drinking Water Quality (0.02 mg/L) across all locations. This discrepancy highlights a critical regulatory gap: while the water may be considered safe for consumption under global standards, it is not compliant with the more stringent Nigerian threshold intended to ensure additional protection for public health. From a health perspective, nickel poses both non-carcinogenic and potential carcinogenic risks when exposure persists above safe thresholds. Chronic ingestion of elevated nickel levels has been associated with dermatitis, respiratory difficulties, kidney dysfunction, and carcinogenic effects. The concentrations in River Ona are approximately 2–2.5 times higher than the Nigerian limit, suggesting that communities consuming untreated water from the river could face long-term health risks. However, given that the values remain below WHO and EPA guidelines, the immediate risk is more moderate than acute, though still requiring attention for public safety.
The likely sources of nickel contamination in River Ona can be traced to both anthropogenic and natural contributions. Industrial activities such as electroplating, stainless-steel production, and battery disposal are major potential inputs. Domestic runoff, especially from metal roofing sheets and plumbing materials, can also leach nickel into water bodies during rainfall events. While geological weathering of nickel-bearing rocks cannot be ruled out, the relatively uniform distribution across sites and the urban-industrial catchment of the river point more strongly toward anthropogenic inputs. The spatial distribution of nickel in River Ona is relatively consistent across the three locations, suggesting that the contamination is not from a single industrial discharge but rather from diffuse sources spread throughout the catchment. The slightly elevated concentration at Location 1 (0.05 mg/L) could reflect its proximity to more intensive human settlements and industrial activities upstream, where waste discharge is more concentrated. While nickel concentrations in River Ona do not breach global safety limits, they consistently exceed Nigerian standards, raising concerns about long-term health risks for dependent populations. Continuous monitoring and treatment interventions such as filtration or adsorption methods are recommended to reduce nickel exposure and align with national drinking water safety requirements.
3.1.8 Lead (Pb)
The concentrations of lead across all three sampling locations in River Ona were below detection limit (BDL). This outcome is highly significant, as lead is one of the most toxic heavy metals, with no safe exposure threshold according to public health standards. Compliance checks against the WHO (0.01 mg/L), NSDWQ (0.01 mg/L), and EPA (0.01 mg/L) guidelines confirm that the river water is well within permissible limits. This means that unlike other metals such as arsenic and nickel, lead does not currently contribute to the river’s heavy metal burden. The absence of detectable lead is a positive environmental indicator, especially given its notorious toxicity. Even at concentrations close to regulatory thresholds, lead exposure has been linked to neurological impairment, developmental delays in children, kidney dysfunction, cardiovascular problems, and reproductive disorders. Therefore, its non-detection eliminates a major public health concern that is commonly associated with contaminated urban waters. Potential anthropogenic sources of lead, such as industrial discharges from battery and paint manufacturing, runoff from lead-based plumbing or roofing, and combustion residues from leaded petrol, appear to have minimal influence in this catchment. This may reflect either a lack of major lead-emitting industries within the area or sufficient dilution by river flow to reduce concentrations below analytical detection limits. River Ona’s lead-free status represents a favorable deviation and indicates relatively lower risk from this toxic metal.
3.1.9 Iron (Fe)
The measured iron concentrations were 0.13 ± 0.03 mg/L at Location 1, 0.08 ± 0.02 mg/L at Location 2, and 0.08 ± 0.10 mg/L at Location 3. These values fall significantly below the WHO, NSDWQ, and EPA guideline limit of 0.3 mg/L, demonstrating compliance across all sites. From a health perspective, iron is an essential micronutrient required for hemoglobin synthesis and enzyme activity, and at the observed concentrations it poses no toxicological risk to consumers. While iron typically causes problems at higher concentrations (>0.3 mg/L), such as metallic taste, reddish-brown staining of laundry and plumbing, and pipe scaling, the results from River Ona indicate no aesthetic or operational concerns. The observed levels are 2–4 times lower than the permissible limit, providing a comfortable safety margin. The sources of iron in the river are likely natural, arising from the weathering of ferruginous soils, laterites, and clays common in southwestern Nigeria. Minor contributions could also come from domestic runoff or corrosion of plumbing systems. However, the relatively low concentrations suggest limited industrial input in the study area. Spatially, Location 1 recorded the highest concentration (0.13 mg/L), possibly due to upstream erosion or higher soil wash-off, while the nearly identical values at Locations 2 and 3 suggest dilution or attenuation downstream. These findings suggest that River Ona is not significantly impacted by Iron, setting it apart from pollutants like arsenic, manganese, and nickel that were found in elevated concentrations.
3.1.10 Copper (Cu)
The concentrations of copper measured in River Ona were 0.02 ± 0.00 mg/L at Location 1, 0.04 ± 0.03 mg/L at Location 2, and 0.03 ± 0.00 mg/L at Location 3. These values are far below the WHO (1.0 mg/L), NSDWQ (1.0 mg/L), and EPA (1.3 mg/L) permissible limits for drinking water, providing a wide safety margin of approximately 25–50 times lower than the regulatory thresholds. This indicates that copper does not pose a risk to human health or water quality in this river system. From a health perspective, copper is an essential trace element, required for various metabolic processes such as enzyme activation, connective tissue formation, and iron metabolism. At low concentrations, such as those observed in River Ona, copper plays a beneficial role without adverse health effects. Excessive levels, on the other hand, can result in metallic taste, gastrointestinal irritation (nausea, vomiting, and diarrhea), and long-term liver or kidney damage if consumed over time. Since the measured concentrations are well below the threshold values, the river water is safe with respect to copper levels.
The likely sources of copper in River Ona include natural geological weathering of copper-bearing minerals, as well as minor anthropogenic inputs from corrosion of plumbing materials in domestic runoff. Trace contributions from fertilizers, pesticides, or small-scale industrial activities are also possible, though no significant contamination was evident. Spatially, concentrations were low and fairly consistent across locations, with a slightly elevated value at Location 2 (0.04 mg/L). This may suggest localized anthropogenic influence upstream, but the overall consistency points more strongly to diffuse natural sources rather than concentrated industrial discharge. Copper concentrations in River Ona are very low and well below all international and national drinking water standards. Like iron and zinc, copper is not a contaminant of concern in this river, and its presence represents natural background levels rather than pollution.
[bookmark: _Hlk177393700][bookmark: _Hlk177393775]3.2 Summary of Heavy Metals Concentration in River Ona
The analysis of trace metals in the River Ona revealed varying levels of contamination across both water and sediment samples (Table 2). Chromium (Cr) was detected in all samples but remained within permissible limits in water; however, its enrichment in sediments points to significant industrial contributions from activities such as tanneries, metal works, and electroplating. Cadmium (Cd) and lead (Pb) were below detection limits, suggesting no current contamination risk from these metals. In contrast, arsenic (As) exceeded safe limits in all water samples, likely stemming from agrochemical inputs, industrial discharges, and domestic wastes, marking it as a major contaminant of concern. Manganese (Mn) also exceeded WHO and NSDWQ thresholds in water and showed extreme sediment enrichment, attributable to wastewater discharge, batteries, and metal scrap pollution.
Table 2.	Summary of Concentrations of Heavy Metals in Water Samples Compared with Standard
	Parameter
	Samples Exceeding Safe Limits
	Likely Source of Contaminants

	Cr (Chromium)
	Detected in all samples, but below NSDWQ/EPA limits in water; EF indicates extreme enrichment in sediments
	Industrial effluents, tanneries, electroplating, metal works

	Cd (Cadmium)
	Not detected (BDL)
	—

	As (Arsenic)
	All samples exceeded safe limits (NSDWQ 0.01 mg/L; EPA 0.01 mg/L)
	Agrochemicals (pesticides, herbicides), industrial discharge, domestic waste

	Mn (Manganese)
	Exceeds WHO/NSDWQ limit (0.4 mg/L) in water; EF shows extreme enrichment in sediments
	Industrial/domestic wastewater, batteries, metal scraps

	Mg (Magnesium)
	High concentrations but within drinking water guideline values; EF indicates extreme enrichment
	Fertilizers, detergents, cement dust, anthropogenic runoff

	Zn (Zinc)
	Within permissible limits in water; EF indicates extreme enrichment in sediments
	Galvanized materials, roofing sheets, plumbing, fertilizers

	Ni (Nickel)
	Within safe limits in water (0.07 mg/L), but EF indicates extreme enrichment in sediments
	Electroplating, batteries, industrial effluents

	Pb (Lead)
	Not detected (BDL)
	—

	Fe (Iron)
	All within permissible limits (0.3 mg/L); EF ~1–2.6 indicates natural background
	Geogenic (soil and rock weathering)

	Cu (Copper)
	Within permissible limits in water; EF indicates extreme enrichment in sediments
	Plumbing corrosion, electronics, agrochemicals, industrial waste



Magnesium (Mg) concentrations were high but within drinking water guideline limits, though enrichment patterns indicate anthropogenic contributions such as fertilizers, detergents, and cement dust. Similarly, zinc (Zn), nickel (Ni), and copper (Cu) levels in water were within safe ranges, yet extreme enrichment factors in sediments highlight significant pollution inputs from industrial effluents, plumbing, fertilizers, and galvanic materials. Iron (Fe), though within permissible water limits, reflected moderate enrichment, consistent with natural geogenic sources. While most metals in River Ona water samples comply with drinking water standards, enrichment factors in sediments expose a substantial anthropogenic influence, particularly from industrial and domestic activities. Arsenic and manganese in water, together with the extreme enrichment of Cr, Zn, Ni, Cu, and Mg in sediments, are the key contaminants requiring attention for pollution management and ecological risk mitigation.


3.3 Heavy Metal Pollution Indices
3.3.1 Geo-Accumulation Indes (Igeo)
The Geo-accumulation Index (Igeo) analysis for River Ona sediments clearly shows that the system is practically uncontaminated by heavy metals across all sampling locations (Table 3). Chromium, arsenic, magnesium, zinc, nickel, iron, and copper all presented highly negative Igeo values, well below contamination thresholds, suggesting that their presence in the sediments is geogenically controlled and not driven by anthropogenic enrichment. Particularly, cadmium and lead were below detection limits (BDL) in all sites, reinforcing the absence of these highly toxic metals in the sediments.
Among the metals assessed, manganese exhibited the least negative Igeo values (closer to zero), indicating relatively higher concentrations compared to others. This finding is consistent with its elevated presence in the water samples, suggesting that manganese may be the most vulnerable to enrichment in the future if discharges and anthropogenic inputs remain unchecked. Copper also showed slightly less negative values at Location 2, but these are still far below contamination levels.
The overall interpretation is that River Ona sediments are uncontaminated by heavy metals and largely reflect natural geogenic input. However, the contrast between sediment results and water quality observations, particularly the elevated levels of arsenic and manganese in water, suggests that contamination episodes are likely recent, transient, and anthropogenic in origin rather than long-term or persistent. The Igeo results confirm that the sediments are free from heavy metal accumulation, providing reassurance about the long-term geochemical stability of the riverbed. Nonetheless, continuous monitoring is necessary, especially for manganese and arsenic, to prevent potential buildup that could threaten ecological and human health in the future.

Table 3	Geo-Accumulation Index (Igeo)
	Metal
	Loc 1
	Loc 2
	Loc 3

	Cr
	-12.1357
	-12.7207
	-13.72067

	Cd
	BDL
	BDL
	BDL

	As
	-10.9293
	-9.92926
	-9.929258

	Mn
	-8.39028
	-8.34175
	-7.918479

	Mg
	-10.9341
	-11.1114
	-11.37017

	Zn
	-10.6287
	-10.9913
	-10.62875

	Ni
	-10.9944
	-11.3163
	-11.31628

	Pb
	BDL
	BDL
	BDL

	Fe
	-19.0549
	-19.7553
	-19.75532

	Cu
	-12.7207
	-10.7207
	-11.13571



3.3.2 Enrichment Factor (EF)
The Enrichment Factor (EF) results provide strong evidence that River Ona sediments are significantly impacted by human activities (Table 4). Unlike the Geo-accumulation Index (Igeo), which suggested little to no contamination, the EF analysis indicates that nearly all metals apart from Fe, Pb, and Cd exhibit extremely high enrichment (EF > 40), pointing directly to anthropogenic sources. Chromium, arsenic, manganese, magnesium, zinc, nickel, and copper all showed EF values in the hundreds to thousands, far exceeding the threshold for extreme enrichment. Among these, manganese, arsenic, and zinc were the most enriched elements, identifying them as priority contaminants in the sediment system. Their extremely high EF values suggest continuous and substantial input from industrial effluents, agricultural runoff (fertilizers, pesticides), and domestic waste streams. Nickel and chromium enrichment likely reflect industrial processes such as electroplating, batteries, and metal works, while copper and magnesium enrichment may be linked to plumbing corrosion, detergents, cement dust, and fertilizers.
[bookmark: _Hlk209983250]In contrast, cadmium and lead were not detected at any location, which rules them out as major contributors to sediment contamination. Iron, with EF values close to unity, was classified as minimally enriched and thus reflects the natural geogenic background of the sediments. This confirms its suitability as a reference element in the normalization process. The EF analysis reveals that River Ona sediments are under considerable anthropogenic stress, with extreme enrichment of several potentially toxic metals. This contrasts with the Igeo results because EF is more sensitive to human-related inputs, even at low concentrations, and can highlight contamination trends that Igeo may mask.

Table 4.	Enrichment Factor (EF)
	Metal
	Loc 1
	Loc 2
	Loc 3

	Cr
	314.6667
	131.1111
	65.55556

	Cd
	BDL
	BDL
	BDL

	As
	726.1538
	907.6923
	907.6923

	Mn
	4220.235
	2727.882
	3658

	Mg
	723.7333
	400.02
	334.3333

	Zn
	894.3158
	434.7368
	558.9474

	Ni
	694.1176
	347.0588
	347.0588

	Pb
	BDL
	BDL
	BDL

	Fe
	2.6
	1
	1

	Cu
	419.5556
	524.4444
	393.3333


	
3.3.3 Contamination Factor (CF)
The Contamination Factor (CF) analysis (Table 5) provides a straightforward, per-metal assessment of contamination intensity relative to WHO guideline values. The results highlight manganese (Mn) as the most critical pollutant in River Ona, with CF values ranging from 9.50 to 13.18 across the three locations. Since CF > 6 is considered very high contamination, this confirms that Mn is present at levels roughly an order of magnitude above the safe limit. The fact that the highest CF occurs downstream (Loc 3) suggests either cumulative pollutant loading from human activities or natural geochemical mobilization in oxygen-depleted and organic-rich channel segments. This aligns well with earlier findings from both water quality standards and EF analysis, which identified Mn as the dominant outlier and a priority contaminant.
Nickel (Ni), with CF values between 0.57 and 0.71, shows moderate contamination relative to WHO (0.07 mg/L). Although these values are below 1, they are non-trivial, and when compared against stricter national standards (NSDWQ = 0.02 mg/L), Ni could exceed permissible levels. This makes Ni a potential pollutant of concern, even if it does not appear critical by WHO-based CF alone. All other measured metals, chromium (Cr), arsenic (As), iron (Fe), magnesium (Mg), zinc (Zn), and copper (Cu), recorded CF values below 1, indicating concentrations below WHO reference thresholds. However, the interpretation is not straightforward: arsenic and nickel, for example, were shown earlier to exceed NSDWQ/EPA criteria, meaning that reliance solely on WHO guidelines may underestimate local health risks. Additionally, CF values do not account for chronic toxicity or bioavailability, both of which are highly relevant for elements like arsenic.
Cadmium (Cd) and lead (Pb) were below detection limits in all samples (CF = 0), which is a positive outcome. Still, this should be treated cautiously since BDL can mean either genuine absence or concentrations below the analytical threshold, which could mask trace contamination. The CF analysis identifies manganese as the single metal of immediate concern, with very high contamination at all sites and clear downstream accumulation. Nickel presents moderate contamination and could exceed limits under stricter national guidelines, while arsenic, though showing CF < 1, remains a health concern based on non-WHO standards. Other metals appear well within WHO limits, and Cd and Pb were not detected. Overall, CF highlights manganese as the dominant pollutant burdening River Ona, but reinforces the importance of interpreting contamination metrics within the broader regulatory and toxicological context.
Table 5.	Contamination Factor (CF), Pollution Load Index (PLI), and Ecological Risk Index (ERI) of Heavy Metals in the Water Samples
	Sample
	Contamination Factor (CF)
	PLI
	ERI

	
	Chromium
	Arsenic
	Manganese
	Magnesium
	Zinc
	Nickle
	Iron
	Copper
	
	

	Loc 1
	0.6
	0.2
	9.5
	0.23
	0.02
	0.71429
	0.43333
	0.02
	0.271
	17.053

	Loc 2
	0.4
	0.4
	9.825
	0.203
	0.02
	0.57143
	0.26667
	0.04
	0.269
	18.166

	Loc 3
	0.2
	0.4
	13.18
	0.17
	0.02
	0.57143
	0.26667
	0.03
	0.249
	21.037



3.3.4 Ecological Risk Index
The Ecological Risk Index (ERI) (Table 5) values for River Ona, calculated using Hakanson’s approach, were 17.05 at Location 1, 18.17 at Location 2, and 21.04 at Location 3. Based on the established classification, all three sites fall within the “low ecological risk” category (ERI < 40). At first glance, this seems inconsistent with the very high contamination factor (CF) recorded for manganese (Mn), particularly at the downstream site. The apparent paradox is explained by the toxic-response weighting system built into the ERI method. Each metal’s CF is multiplied by a toxic-response factor (Tᵣ) that reflects its relative ecological hazard. Mn, despite its large CF, has a low toxic factor of 1, meaning its contribution to the ERI is modest. For example, at Location 3, Mn’s CF ≈ 13.18 contributes ≈ 13.18 to the ERI, while arsenic (As), with a smaller CF of 0.4, contributes ≈ 4.0 due to its higher Tᵣ of 10. Similarly, nickel (Ni), with Tᵣ = 5, adds ≈ 2.86. This weighting system ensures that metals with higher inherent toxicity (e.g., As, Cd, Pb) carry greater influence in the ERI than metals like Mn, even when Mn occurs at elevated concentrations.
The results therefore show that the river’s overall ecological risk is low, since the most abundant metal (Mn) is considered less ecotoxic in standard weighting schemes. The ERI also captures a downstream increasing trend (17.05 → 21.04), reflecting cumulative contributions from Mn and other metals, though still within the “low risk” threshold. Nevertheless, there are important implications and limitations. First, ERI provides a toxicity-weighted assessment, not a pure contamination metric. This means that severe single-metal contamination (such as Mn here) may appear less alarming under ERI if the metal’s Tᵣ is low. Second, the standardized Tᵣ values do not capture local ecological sensitivities or the fact that speciation (e.g., As(III) vs. As(V)) can greatly alter toxicity. Third, ERI was originally designed for sediment studies; applying it to water samples, as in this case, gives an immediate risk picture but may underestimate long-term ecological threats from sediment-bound metals and bioaccumulation.
The ERI suggests that River Ona presently faces a low ecological risk from heavy metals under standard toxicity-weighting criteria. However, the very high CF for Mn and the slight downstream increase in ERI values highlight the need for ongoing monitoring. Targeted attention should be given to Mn and As, since changes in input levels, environmental conditions, or chemical speciation could shift the ecological risk profile significantly.

3.4 Health Risk Assessment
3.4.1 Non-Carcinogenic Risk
The results of the non-carcinogenic risk assessment for River Ona water (Table 6) indicate that all three sampling locations pose a significant health concern to consumers. The calculated Hazard Index (HI) values were approximately 6.23 at Location 1, 6.62 at Location 2, and 6.21 at Location 3, all of which exceed the safe threshold of 1. An HI greater than 1 implies that the cumulative exposure to the measured metals may result in adverse health effects if the water is consumed regularly over a long period of time. This finding suggests that untreated water from the river is unsuitable for direct human consumption.
The metals that contributed most significantly to the high HI values are magnesium, arsenic, and manganese. Magnesium was the dominant contributor across all sites, producing Hazard Quotients (HQs) in the range of 3.0–4.1, far above the acceptable level. Although magnesium is an essential nutrient, excessive intake may pose health challenges, particularly for individuals with impaired kidney function who cannot regulate excess magnesium effectively. Arsenic was the next most critical contaminant, with HQs close to or greater than unity at all sites, and particularly high at Locations 2 and 3. Chronic arsenic exposure is associated with serious health effects such as skin lesions, cardiovascular problems, and neurological disorders. Manganese also contributed significantly, with HQs above 1 at Location 3, raising concerns about potential neurological effects from long-term exposure. Other metals, including chromium, nickel, iron, copper, and zinc, showed comparatively low HQ values, with most being well below the threshold of 1. However, while individually these metals may not pose significant risks, their combined contribution adds to the overall cumulative hazard reflected in the elevated HI values. The results highlight the importance of considering not only single-metal exposures but also the combined effect of multiple contaminants when assessing drinking water safety.
The spatial distribution of risks shows that Location 2 has the highest HI value, primarily due to elevated concentrations of arsenic and magnesium, while Locations 1 and 3, though slightly lower, still exceed the safety benchmark by a wide margin. This suggests that contamination is a widespread problem along the river, rather than being limited to a single hotspot. The non-carcinogenic risk assessment demonstrates that River Ona is unsafe for drinking without treatment. The dominance of magnesium, arsenic, and manganese in driving the risk profile emphasizes the need for urgent mitigation measures. Treatment technologies capable of reducing arsenic and manganese concentrations, alongside continuous monitoring of magnesium levels, should be prioritized. In addition, public health advisories should be issued to discourage direct use of untreated river water, especially for vulnerable populations such as children, pregnant women, and individuals with chronic illnesses.

[bookmark: _Hlk177393806]Table 6.	Non-Carcinogenic Risk Assessment
	Sample
	
	
	HI

	
	
	Chromium
	Arsenic
	Manganese
	Magnesium
	Zinc
	Nickle
	Iron
	Copper
	

	RFD
	0.003
	0.0003
	0.14
	0.08
	0.3
	0.02
	0.30
	0.04
	

	IR (L/day)
	2.0 
	2.0 
	2.0 
	2.0 
	2.0 
	2.0 
	2.0 
	2.0 
	

	EF (days/year)
	365 
	365 
	365 
	365 
	365 
	365 
	365 
	365 
	

	ED (adult)
	30 years
	30 years
	30 years
	30 years
	30 years
	30 years
	30 years
	30 years
	

	BW
	70 kg
	70 kg
	70 kg
	70 kg
	70 kg
	70 kg
	70 kg
	70 kg
	

	AT (ED x 365) (days)
	10,950 
	10,950 
	10,950 
	10,950 
	10,950 
	10,950 
	10,950 
	10,950 
	

	
	
	
	
	
	
	
	
	
	
	

	Loc 1
	C
	0.03
	0.01
	3.8
	11.5
	0.09
	0.05
	0.13
	0.02
	

	
	ADD
	0.0008571
	0.0002857
	0.1085714
	0.32857
	0.0025714
	0.0014286
	0.00371
	0.0005714
	

	
	HQ
	0.2857
	0.9524
	0.7755
	4.1071
	0.0086
	0.0714
	0.0124
	0.0143
	  

	
	
	
	
	
	
	
	
	
	
	

	Loc 2
	C
	0.02
	0.02
	3.93
	10.17
	0.07
	0.04
	0.08
	0.04
	

	
	ADD
	0.0005714
	0.0005714
	0.1122857
	0.29057
	0.0020000
	0.0011429
	0.00229
	0.0011429
	

	
	HQ
	0.1905
	1.9048
	0.8019
	3.6321
	0.0067
	0.0571
	0.00229
	0.0286
	    

	
	
	
	
	
	
	
	
	
	
	

	Loc 3
	C
	0.01
	0.02
	5.27
	8.5
	0.09
	0.04
	0.08
	0.03
	

	
	ADD
	0.0002857
	0.0005714
	0.1505714
	0.24286
	0.0025714
	0.0011429
	0.0076
	0.0008571
	

	
	HQ
	0.0952
	1.9048
	1.0755
	3.0357
	0.0086
	0.0571
	0.0076
	0.0214
	   



3.4.1 Carcinogenic Risk
The carcinogenic risk assessment (Table 7) for River Ona water was carried out using chromium, arsenic, and nickel, which are classified as potentially carcinogenic metals by international regulatory agencies. The calculated Cancer Risk (CR) values indicate a clear cause for concern, particularly with respect to arsenic exposure. At Location 1, the total carcinogenic risk (TCR) was 0.01067, primarily driven by arsenic (0.00914), with chromium and nickel contributing marginally (0.00023 and 0.001, respectively). This suggests that while chromium and nickel exposures are relatively low, arsenic alone contributes over 85% of the overall risk, making it the dominant carcinogenic contaminant in this location.
Location 2 presented an even higher carcinogenic risk, with a TCR of 0.01948. Again, arsenic was the primary driver (0.01829), accounting for more than 90% of the risk. Chromium (0.00015) and nickel (0.00104) were minor contributors. The slightly higher TCR at this site reflects elevated arsenic concentrations in comparison to Location 1. Similarly, Location 3 had a total carcinogenic risk of 0.01949, nearly identical to that of Location 2. The pattern of contribution was consistent, with arsenic responsible for the overwhelming majority of the risk (0.01829), followed by nickel (0.00104) and chromium (0.00008). The elevated values at this location are linked to persistently high arsenic concentrations in the water samples. From a public health perspective, the total carcinogenic risk values recorded across all sites (0.01067– 0.01949) far exceed the USEPA’s acceptable risk range of 1.0E-06 to 1.0E-04. This implies that long-term consumption of untreated River Ona water significantly increases the probability of cancer occurrence among exposed populations. Arsenic, in particular, stands out as the critical pollutant, with chronic exposure associated with skin, bladder, and lung cancers, among other systemic effects.
The contribution of chromium and nickel, though comparatively lower, cannot be dismissed. Over prolonged exposure periods, even low levels of these metals can contribute to cumulative carcinogenic risks, particularly in sensitive groups such as children and immunocompromised individuals. The carcinogenic risk assessment clearly demonstrates that River Ona water poses an unacceptable health hazard due to high arsenic concentrations, with total risks across all locations being well above regulatory safety thresholds. Urgent interventions are required, including the implementation of water treatment systems capable of arsenic removal, strict regulatory enforcement to control possible pollution sources, and long-term monitoring to safeguard community health.
Table 7: Carcinogenic Risk Assessment
	Sample
	Carcinogenic Risk Assessment
	

	
	
	Chromium
	Arsenic
	Nickel
	

	
	ADD
	0.0008571
	0.0002857
	0.1085714
	

	Loc 1
	SF
	0.27
	32.0
	0.91
	

	
	CR
	0.0002314
	0.0091429
	0.001
	 0.01067

	
	
	
	
	
	

	Loc 2
	ADD
	0.0005714
	0.0005714
	0.1122857
	

	
	SF
	0.27
	32.0
	0.91
	

	
	CR
	0.0001543
	0.018286
	0.0010400
	 0.01948

	
	
	
	
	
	

	Loc 3
	ADD
	0.0002857
	0.0005714
	0.1505714
	

	
	SF
	0.27
	32.0
	0.91
	

	
	CR
	0.00007714
	0.018286
	0.0010400
	 0.01949




4. Conclusion
The heavy metal analysis highlighted the presence of arsenic, manganese, nickel, and chromium at concerning levels. Geo-accumulation (Igeo), Enrichment Factor (EF), and Contamination Factor (CF) analyses classified manganese and arsenic as the most critical contaminants. The calculated Pollution Load Index (PLI) showed moderate to high pollution levels across all sites, while the Ecological Risk Index (ERI) highlighted significant ecological risks, especially from manganese and arsenic. Health risk assessment further emphasized the severity of exposure. The non-carcinogenic risk (HQ/HI) exceeded the safe threshold of 1, particularly for manganese, magnesium, and arsenic, indicating potential adverse health effects from long-term consumption. The carcinogenic risk assessment revealed that arsenic contributed more than 85% of the total cancer risk across all sites, with total carcinogenic risks (TCR) ranging from 0.01067 to 0.01949, values far above the USEPA’s acceptable range (10⁻⁶–10⁻⁴). This shows the high likelihood of cancer development among exposed populations if the current contamination persists. The study concludes that the River Ona water is heavily polluted by industrial, domestic, and agricultural activities, making it unfit for drinking or domestic use without extensive treatment. The combined impacts of chemical, microbial, and heavy metal pollution pose serious ecological and public health threats to communities relying on this water source..
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