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ABSTRACT
Background: to address the gap in scientific knowledge of hazard exposure through ingestion and inhalation, and the corresponding public health risk associated with consuming contaminated ground and surface water, this study estimated the vulnerability of children and adults alike to both cancer and non-cancer health effects. 
Methods: Using the Integrated Risk Information System (IRIS) by the US Environmental Protection Agency (EPA) (2001), we evaluated exposure to groundwater and surface water contaminants. Standard analytical methods were used in the measurements of physicochemical parameters of water (APHA), Total Petroleum Hydrocarbons (TPH): EPA 8015, Polycyclic Aromatic Hydrocarbons (PAHs): EPA 8270, Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX): EPA 8260) and heavy metals concentrations (ASTM) in water and soil samples. Results: Alteration of groundwater were indicated by a low mean pH of 6.4, an objectionable dour, high turbidity in the range of 210 – 250 NTU and presence of heavy metals with mean concentrations of 0.25 mg/L Chromium (Cr), 0.08mg/L Arsenic (As), 0.06 mg/L Lead (Pb) and 0.01mg/L Mercury (Hg) exceeding Nigeria Industrial Standard/World Health Organization (NIS/WHO) regulatory requirements of 0.05mg/L Cr, 0.01mg/L As, 0.01mg/L Pb, and 0.001mg/L Hg. The daily exposure to benzene in groundwater (1.44 E-2mg/kg/day) in BH3 exceeded its RfDo (4.0 E-3 mg/kg/day) and a Target Hazard Quotient (THQ) of 3.6. Hazard index (HI) for non-cancer effects due to BTEX in drinking contaminated borehole water from the study area were in the order of BH3 (3.6) > BH1 (0.7) > BH2 (0.62) > SW4 (0.29).  HI for PAHs were higher in children (2.18) than in adults (1.51) in BH2. Cancer risk benchmark levels (10-6) were exceeded by children (0 <6 yrs) and adults for benzene and benzo (a)pyrene (≤10-4). The cancer risk due to multiple exposure pathways (ΣTCR) of benzene, other volatile compounds and PAHs in borehole and surface water in this study exceeded the US EPA cancer safe limits of 10-6, The total incremental lifetime cancer risk (Cumulative Incremental Oral Lifetime Cancer Risk (ΣILCRo) and Cumulative Incremental Inhalation Lifetime Cancer Risk (ΣILCRi) shows  probability of 1 individual to exhibit cancer effect in every 10,000 population of both communities and 1 in 100,000 in adult population to development cancer while the susceptibility of children  (0-6 yrs.) were higher with a probability of 1 in every 1,000 and 1 in every 10,000 child to exhibit cancer effect.  The Benzo (a) pyrene equivalent (BaPeq) cancer risk assessment model of PAHs revealed greater potentials of individual and total (Σ16PAHs) to elicit cancer in the studied population. This approach showed that 1 individual in every 100 persons (10 -2) and 1 in 1000 (10-3) persons can develop cancer in the study area. The observed result shows 71% probability of Benzo (a) pyrene, the most potent PAH to elicit cancer in the human population of the study area due to ingestion of hazardous chemicals in water. Conclusions: the groundwater, surface water and soil samples showed high level of contaminations by organic and inorganic compounds. Both cancer and non-cancer risk assessment evaluated, exceeded benchmarks with higher vulnerability by children than adults. Urgent, case-specific, effective intervention policies and practices are strongly recommended.
Keywords: exposure, hazard index, incremental lifetime cancer risk, benchmark, benzo (a) pyrene equivalent, cancer risk.
1.0	INTRODUCTION
Assessing the quality of drinking water is an essential public health and environmental obligation. It is propelled by statutory requirements, increasing awareness of health hazards, and the worldwide quest for sustainability in resource management. Guaranteeing access to potable water is fundamental to attaining many United Nations Sustainable Development Goals (SDGs), notably SDG 3 (Good Health and Well-being) and SDG 6 (Clean Water and Sanitation). As populations grow and industrial activity escalate, the necessity to continuously monitor and safeguard water supplies from contamination and depletion also increases.

Groundwater constitutes approximately 30% of the global freshwater resources and serves as a principal source for drinking, irrigation, sanitation, and many residential and agricultural applications (Frappart & Merwade, 2022). In Nigeria, especially in underserved or rural regions, groundwater is typically obtained through boreholes and is seen as safer than surface water options. Drinking water, according to international and national regulations, includes all water designated for consumption, cooking, and other household purposes, irrespective of its source be it municipal supply, tanker delivery, or private wells (Dijkstra & de Roda Husman, 2023; NIS, 2017). In the K-Dere and Kpor settlements in Ogoniland, almost 98% of the populace depends on borehole water for consumption, laundering, bathing, and other daily necessities. Notwithstanding this reliance, numerous inhabitants continue to utilise surface water sources, especially in regions where borehole infrastructure is deficient or inoperative.

Historically, communities relied on streams, rivers, and open wells prior to the adoption of boreholes. Regrettably, decades of oil exploration and production in Ogoni have resulted in significant environmental deterioration, especially the contamination of soil and water systems. In 2011, the United Nations Environment Programme (UNEP) reported that extensive oil contamination in Ogoniland significantly affected air, soil, water, and biota, revealing hydrocarbon pollution across various environmental media and underscoring a history of neglect and environmental injustice (UNEP, 2011). Notwithstanding the termination of activities by the Shell Petroleum Development Company (SPDC) in the area, oil spills persist as a result of pipeline vandalism, bunkering, sabotage, and equipment malfunction. These enduring environmental hazards present continual threats to the health, livelihoods, and welfare of the Ogoni people.

One of the most concerning repercussions of oil contamination is its penetration into groundwater systems, particularly in a location such as Ogoniland, where the soil is devoid of clay layers that can obstruct the vertical movement of pollutants. UNEP's field investigations found heightened concentrations of hydrocarbons in groundwater and surface water that surpassed the Environmental Guidelines and Standards for the Petroleum Industry in Nigeria (EGASPIN). In several areas, including Ataba-Otokroma, dissolved hydrocarbon concentrations attained levels of 7,420 μg/L. In Nisisioken Ogale, Eleme LGA, an 8 cm layer of refined oil was seen floating on groundwater, highlighting the region's environmental crisis (UNEP, 2011).

Crude oil comprises various hazardous substances, including benzene, toluene, ethylbenzene, xylene (BTEX), polycyclic aromatic hydrocarbons (PAHs), and heavy metals. These drugs are recognised for their immediate and long-term health impacts. BTEX compounds are volatile organic pollutants that frequently contaminate groundwater and persist for prolonged durations due to their solubility and stability (ODHS, 1994). Polycyclic aromatic hydrocarbons (PAHs), some of which possess carcinogenic properties, infiltrate the environment via oil spills, combustion activities, and industrial effluents. Naphthalene, the most elementary polycyclic aromatic hydrocarbon (PAH), is extensively utilised in industrial applications and is also present in tobacco smoke and food processing (CDC, 2009). Multiple studies, including those by Osuji & Onojake (2004), have recorded heightened levels of heavy metals and hydrocarbons in the soils and aquifers of the Niger Delta, hence emphasising the peril to people reliant on these resources.

In K-Dere and Kpor, oil contamination has adversely affected agriculture, as hydrocarbons infiltrating the root zones of crops lead to stunted growth, diminished yields, or complete crop failure. The community currently confronts a combined challenge of water and food insecurity, intensifying the cycle of poverty and environmental susceptibility. Regular monitoring of environmental quality, particularly of drinking water, soil, and surface water is crucial for informing public health interventions, determining treatment and remediation priorities, and reinforcing legal and policy frameworks in accordance with international standards. The Nigerian Industrial Standard (NIS, 2007) underscores the necessity of comprehensive water quality monitoring to protect human health. Nonetheless, there exists a conspicuous deficiency of current environmental data for K-Dere and Kpor, which restricts informed decision-making and obstructs initiatives to hold polluters accountable.

This study aims to address significant information deficiencies by evaluating the quality of hydrocarbon-contaminated soil, groundwater, and surface water in the K-Dere and Kpor villages. The study assesses the appropriateness of these environmental media for consumption, bathing, agriculture (including irrigation and cattle utilisation), and finds related public health hazards. The results are anticipated to be a significant asset for public health advocacy, environmental justice initiatives, and policymaking aimed at restoring ecological integrity and enhancing the quality of life in Ogoniland.

2.0	MATERIALS AND METHODS
2.1	Sampling Procedure
A total of 3 groundwater, 3 soil and 1 surface water samples were collected for this study at different locations within K-Dere and Kpor communities, Gokana LGA, Rivers State. The studied wells were chosen based on topography, streamline and flood path considerations. The borehole water and soil samples were collected at 4.6598o, 7.2966 o; 4.6598 o, 7.2772 o; 4.6640 o, 7.2775 o while surface water was collected at 4.6610 o, 7.2774 o Latitudes. and Longitudes respectively. Composite soil samples were collected using calibrated soil auger at a depth of 0.5cm to 7.0m which is essential for assessing contamination spread, understanding pollutant migration, and evaluating risks to groundwater, composite borehole water samples (BH or BHW) were collected at a depth of 4.0 to 7.0m while surface water (SW) was collected at different points at the surface level and made into a composite.  All samplings were conducted within one month (July), 2023 and transported to the laboratory where they were preserved in accordance with standard sample preservation protocols.

2.2	Description of study area
[image: ]
Figure 1. Map of study area showing sampling locations in K-Dere and Kpor Communities, Rivers State, Nigeria.
The study was conducted in  K-Dere and Kpor communities. The sampled locations fall within and outside the perimeters of flow stations and a legacy manifold commissioned in Bomu oilfield in 1958. K-Dere and Kpor communities are located in Gokana LGA of Rivers State with a population of 233, 813 (Census 2016), a 2022 projected population of 336,300 and 1,986/km² Population Density inhabiting an area of 169.3 km² (Citypopulation, 2023). Gokana is the second largest local government area after Khana (421,300) out of the four LGAs that make up Ogoniland which has a 2022 projected population of 1,204,100 people. Oil activities crude oil exploration activities commenced in the area during the era of Shell D’iarchy, and later Shell but the first oil well - Bomu oil well 1 in K. Dere was drilled in 1957 and    produced in commercial quantities in 1958 at K. Dere (Bomu oilfield) -(OBR, 1992). 
Prior to the devastating oil exploitation activities herein complained about, the area was filled with species diversity. The natural habitat had been very crucial to improvements in local occupation (farming, fishing, hunting, herbalism, etc.), as well as the sustained supply of products and raw materials and added that the vast coast line with a network of intractable intertidal creeks and hundreds of hectares of mangrove swamp served as fishing grounds for the communities. The vast geographical land areas of the two communities are low-lying natural environment truncated by dendritic network of streams which serves as natural source irrigation for the fertile agricultural land, vegetation and the main repository of the genetic diversity – the forest. 
K. Dere hosted about 40 oil & gas wells including Bomu wells Nos. 1, 2, 3, 4, 6, 7, 9,10,11, 16, 17, 19, 20, 21, 23, 24, 28, 31, 32, 34, 35, 36, 37, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, Bomu Unox 1, and Bani 1. Other assets located in the community are partially appraised wells, mega appraised gas reservoir being a gas field with associated oil,3 flow stations tied into a mega flow station, a giant manifold - a gateway gathering manifold housing the 24”/28” Bomu-Bonny Trans Niger pipeline,24’’/28’’Nkpoku-Bomu trunk lines risers and pig launchers; gas flare stand and pits, 24 dug burrow pits, perimeter linkage access roads, tank farm and manifold sites, helipads, base camps, 2 inshore Marine-base. Although oil production ceased in Ogoni in 1993 following the declaration of multinational oil operators as persona non grata, there are numerous pipelines (24”/28” Bomu-Bonny Trans-Niger pipeline) still carrying crude across the rivers and lands of K-Dere. 

2.3 Methodology

In the laboratory, the soil samples were air-dried at ambient temperature, homogenised, and sieved through a 2 mm filter. A 1.00 g subsample of each was measured into a 250 mL digestion flask and subjected to digestion via the aqua regia procedure, consisting of 9 mL of concentrated HCl and 3 mL of concentrated HNO₃. The mixture was gradually heated on a hotplate at 120°C for one hour, until nearly dry. Following cooling to ambient temperature, 2 mL of 30% H₂O₂ was introduced to facilitate the decomposition of organic materials. The final volume was made up to 50 mL using deionised water and subsequently filtered through Whatman No. 42 filter paper. For the water samples, 100 mL of each sample (borehole and surface water) were put into clean digesting containers. To each, 5 mL of concentrated nitric acid (HNO₃) and 2 mL of 30% hydrogen peroxide (H₂O₂) were administered. The combinations were subjected to heating at 95°C for one hour until a transparent solution was achieved. Subsequent to cooling, the digest was filtered and adjusted to a volume of 50 mL with deionised water.

All digestion processes were conducted utilising analytical-grade reagents, and glassware was subjected to acid washing with 10% HNO₃ to avert contamination. Post-digestion, elemental analysis was conducted utilising Atomic Absorption Spectrophotometry (AAS) methods tailored to the chemical characteristics and detection necessities of each metal. The AAS instrument utilised was a PerkinElmer AAnalyst 400, outfitted with attachments for Flame AAS (FAAS), Cold Vapour AAS (CV-AAS), and Hydride Generation AAS (HG-AAS).

Lead (Pb) was analysed with Graphite Furnace Atomic Absorption Spectrophotometry (GFAAS) to enhance sensitivity. Sample digests were directly sucked into the graphite tube, and absorbance was recorded at 283.3 nm. Calibration standards were established within the range of 0.1 to 5.0 mg/L, with findings documented in mg/L for water or mg/kg for soil. Chromium was quantified by Flame Atomic Absorption Spectroscopy with an air-acetylene flame. Absorbance was measured at 357.9 nm. Calibration was conducted utilising standard solutions with concentrations between 0.1 and 5.0 mg/L. Interference was reduced by matrix matching the standards and samples with 1% HNO₃. Mercury analysis was performed using Cold Vapour Atomic Absorption Spectroscopy (CV-AAS). Before analysis, 2 mL of 10% stannous chloride (SnCl₂) was introduced to each digested sample to convert Hg²⁺ to elemental mercury vapour (Hg⁰). The vapour was introduced into a quartz cell with an inert carrier gas (argon), and absorbance was recorded at 253.7 nm. The detection range was 0.001 to 1.0 mg/L, with a detection limit of 0.0005 mg/L.

Additionally, Arsenic was quantified by Hydride Generation Atomic Absorption Spectroscopy (HG-AAS). Samples underwent treatment with 1% sodium borohydride (NaBH₄) in 0.5% sodium hydroxide (NaOH) to convert As³⁺ to arsine gas (AsH₃). The produced gas was introduced into the quartz cell, and absorbance was recorded at 193.7 nm. Calibration standards varied from 0.005 to 1.0 mg/L. Calcium was quantified via Flame Atomic Absorption Spectroscopy at 422.7 nm utilising an air-acetylene flame. Standard calibration was conducted using concentrations ranging from 1.0 to 100.0 mg/L. Lanthanum chloride (LaCl₃) was included into all standards and samples at a concentration of 0.1% to mitigate ionisation interference and enhance precision.

2.4	Sample analytical methods
Different classes of hydrocarbons including: total petroleum hydrocarbons (TPH), four monocylic aromatic hydrocarbons: Benzene, Toluene, Ethylbenzene and Toluene (BTEX) and  sixteen EPA priority PAHs were considered: naphthalene (Naph), anthracene (Ant), phenanthrene (Phen), acenaphthene (Ace), acenaphthylene (Acy), fluorene (Flu), fluoranthene (Flt), pyrene (Py), chrysene (Chr), benz(a)anthracene (BaA), benzo(a)pyrene (BaP), benzo(b)fluoranthene (B(b)F), benzo(k)fluoranthene (B(k)F), dibenzo(a,h)anthracene (DB(ah)A), benzo(g,h,i)perylene (B(ghi)P), and indeno(1,2,3-c,d)pyrene (IP) were investigated in soil, groundwater and surface water using state- of-the-art gas chromatograph coupled to mass spectrometer (GC–MS) in accordance with standard analytical methodologies ( TPH (USEPA 8015), PAH (USEPA 8270), and BTEX (USEPA 8260)), heavy metals (APHA 4500-H), the microminerals and physico-chemical parameters were determined using APHA and ASTM standard analytical methods where applicable. 

2.5 Sample preparation for BTEX and PAHs gas chromatography analysis
BTEX (Benzene, Toluene, Ethylbenzene, and Xylenes) and PAHs (Polycyclic Aromatic Hydrocarbons) were quantified in soil and water samples using liquid-liquid extraction (LLE) and subsequent Gas Chromatography–Mass Spectrometry (GC-MS) analysis. Following sample collection and preservation, water samples were transferred into 1-liter amber glass bottles and extracted via liquid-liquid extraction (LLE) by adding 50 mL of dichloromethane three times consecutively. The extracts were amalgamated, desiccated over anhydrous sodium sulphate, filtered, and concentrated to 1 mL utilising a rotary evaporator, succeeded by a mild nitrogen blowdown. The concentrated extracts were purified via a silica gel column to eliminate polar interferences and subsequently injected into a GC-MS apparatus fitted with a DB-5MS capillary column (30 m × 0.25 mm ID × 0.25 µm film thickness). Helium served as the carrier gas at a flow rate of 1.0 mL/min. The oven temperature was set to increase from 40°C (maintained for 2 minutes) to 280°C at a rate of 10°C per minute. Analytes were identified and quantified in selected ion monitoring (SIM) mode utilising certified calibration standards. The detection limits for BTEX chemicals varied from 1 to 5 µg/L, whereas those for PAHs ranged from 0.01 to 0.1 µg/L.

10 g of homogenised, air-dried soil were measured into a clean glass container and extracted with 30 mL of a dichloromethane:acetone (1:1) mixture using liquid-liquid extraction under agitation. The mixture was agitated vigorously and permitted to settle; the organic phase was extracted, filtered through sodium sulphate to eliminate moisture, and concentrated to 1 mL. The extract underwent purification with florisil column chromatography prior to GC-MS analysis. Instrumental parameters were similar with those employed for water samples. Quantification was conducted using external calibration over five concentration ranges (1 µg/L to 100 µg/L for BTEX and 0.01 µg/L to 10 µg/L for PAHs), achieving R² values exceeding 0.995. All results were shown in µg/L for water and µg/kg for soil.

2.6	Quality assurance and quality control
The sample containers (glass bottles) were prewashed to remove external contaminants before they were used. All the sample containers were labelled for proper sample identification and temperature controlled using ice pack stored in a plastic cooler and conveyed to Gilgal Environmental Services Limited Laboratory, Port Harcourt on the same sampling date for controlled preservation and analysis. The geographical location coordinate of each sample represented in Universal Transverse Mercator
 (UTM) was dully recorded for easy referencing. Coordinates for both soil and water, date of sample collection were properly documented. 
Surrogate compound (O – Terphenyl) was added to all groundwater and quality control (QC) samples that were analyzed for BTEX, PAHs, and TPH compounds prior to laboratory analysis.  Surrogate recovery data were used to evaluate the capability of the analytical methods to detect the target analytes in each sample and to assess bias and variability that may be due to matrix effects and gross laboratory processing errors. Surrogate data in blanks and samples were used to identify general problems that may arise during sample analysis; surrogate data in groundwater samples were used to evaluate matrix interferences. A 70 to 130% recovery of surrogates was set as acceptable limit in this study and obtained recoveries were above 80%. High surrogate recoveries like those obtained in this study indicate that the target analytes will be detected, if present. Surrogate recoveries with the target acceptable range are an indication of suitability and accuracy in analytical method. Additionally, the relative standard deviations (RSDs) were maintained below 10%, while calibration curves for each parameter exhibited correlation coefficients (R²) of > 0.998, so verifying the reliability of the quantification.

All analyses were carried out by trained analyst and certified laboratory according to highly standardized protocols.

3.0	Human health risk assessment

3.1	Non-cancer risk assessment
Oral chronic reference dose, RfDo is a primary benchmark used to evaluate the probable non-carcinogenic hazards posed by environmental exposures to chemicals via ingestion. They are based on the “threshold” approach, which is the theory that there is a “safe” exposure level (i.e., a threshold) that must be exceeded before an adverse noncancer effect occurs. RfDo is expressed mg/kg-day per individual per day over a lifetime. 






	


				

     

Where C is the specific concentration of chemicals in water (mg/L), BW is	 body weight (kg) (adult=70 kg),  ADEw is the average daily water exposure (mg/kg bw/day), THQ is the target hazard quotient (unitless), THI is the target hazard index (unitless). Both THQ and THI have a standard value of 1. A THQ and THI ≤ 1 is in the safe limit and ≥1 is unsafe limit. RfDo represents the specific chemical oral chronic reference dose (mg/kg-day), RfDi inhalation chronic reference dose (mg/kg-day), ED is exposure duration (yr) with a default standard of 30 yrs, EF is the exposure frequency (days/yr) with default standard of 350 days/yr, IRw is the water ingestion rate (L/day)- 2.5 L/day (adult) and 0.78 L/day (child), IRa is daily indoor inhalation rate (m3 /day)  15 m3 /day daily (adult) and 3.73 and m3 /day (child: 0-6yrs) and AT is averaging time (yr) with a default of 30 yr (for noncarcinogens, equal to ED).  K is the volatilization factor (unitless) given as 0.0005 x 1000 L/m3 (Andelman 1990). URFi is the 1chemical-specific inhalation unit risk factors (µg/m3). (US EPA, 2011).	

3.2	Cancer risk assessment
The cancer risk was evaluated as Target cancer risk due to oral intake (TCRO) and inhalation (TCRi). The combined potency of the chemicals in drinking water is due to intake of chemicals from different (two) routes. The cancer risk due to exposure to Benzene and Ethylbenzene were evaluated among the BTEX. The US EPA and other regulatory agencies has inadequate human data on the carcinogenicity of xylenes and toluene. Hence the carcinogenic potential of xylenes and toluene. Also, only the PAHs that has been classified as human carcinogen (A) and probable human carcinogen (B2) were evaluated for potential cancer effects in this study.
The target cancer risk is estimated as the incremental probability of an individual developing cancer over a lifetime (i.e., Individual Lifetime Cancer Risk, ILCR) as a result of exposure to the potential carcinogen (US EPA, 1986a;1989; 2005a). The slope factor (SF) converts estimated daily intakes averaged over a lifetime of exposure directly to incremental risk of an individual developing cancer. 
A risk of 10-4 indicates a probability of 1 chance in 10,000 of an individual developing cancer. Risks of 10-5 and 10-6 corre.pond to  probabilities of 1 chance in 100,000 and 1 chance in 1,000,000 respectively (US EPA, 1989).
					








Where CSFo = chemical-specific oral cancer slope factor (mg/kg-d)-1, TCRo = is the target cancer risk due to oral intake of water. It is also expressed as incremental lifetime cancer risk (ILCRo), TCRi=ILCRi	is the target cancer risk due to inhalation of volatile contaminants in water. ILCR has a safe limit of 10-6 (US EPA,2000). 
			

3.3	Cumulative Lifetime Cancer Risk (ΣILCR) and the Total Target Cancer Risk (ΣTCR)

The cumulative incremental cancer risk (∑ILCR) measures of cancer risk due to exposure of more than one carcinogen from a particular medium (i.e., a single borehole water) . (Sultana et al., 2017; Sibe et al., 2019).



Where n = 1, 2, ----, n is the incremental carcinogen in a given borehole water.
The total target cancer (ΣTCR) is a guidance model recommended by the US EPA (1991) to measure the combined risk for a single chemical from all exposure pathways (i.e., ingestion and inhalation) for a given medium.




3.4	Cancer Risk of PAHs using BaP Equivalent Assessment Approach

The individual potential risk of a PAH to human health has been widely approached using the “potency equivalence factors” (PEFs), also referred to as “relative potency factors” (RPFs) or “toxicity equivalence factors” (TEFs). These factors are used to relate the carcinogenic potential of other PAHs to that of Benzo[a]pyrene (B[a]P). 



	

Where:
BECi -	BaP equivalent concentration of the ith individual congener, C𝑖 -concentration for the ith individual congener, PEFi -potency equivalency factor (PEF) of the ith individual congener (unitless), BaPeq -total BaP equivalent (mg-BaP/kg), k, n - number of congeners that make up the total BaP equivalent. 	
Naphthalene is not mutagenic. It is therefore recommended not to be included in the BaP equivalent for screening or the BaPeq concentration when evaluating cancer risk (ATSDR, 2022). However, OEHHA (2002) has recently listed naphthalene as a carcinogen but still there is inadequate data available in the literature to determine its independent human carcinogenic effect.

4.0	RESULTS AND DISCUSSION
4.1	Results
Table 1. Some physicochemical parameters of borehole drinking water from K-Dere (Bomu Oilfield), and Kpor Communities in Ogoni, (Sibe and Ajuru, 2025).

	[bookmark: _heading=h.epo8kgk322a9]Water parameter
	Groundwater
	NIS/WHO (2007/2011) standard (MAL)*
	Potential health impact

	
	BH1
	BH2
	BH3
	
	

	Temperature
	-
	-
	-
	Ambient

	-

	pH
	6.0
	6.3
	6.8
	6.5-8.5

	 -

	Color, TUC
	10.3
	8.96
	9.05
	 15

	

	Odour
	Objectionable
	Objectionable
	Objectionable
	 Unobjectionable

	-

	Conductivity, µS/cm
	320
	250
	120
	 1000

	-

	TDS, mg/L
	170
	120
	60
	500

	 -

	DO, mg/L
	4.4
	4.5
	5.5
	 -
	

	Turbidity, NTU
	210
	250
	220
	5
	

	Lead, mg/L
	0.07
	0.04
	0.08
	0.01

	Cancer, interference with Vitamin D metabolism, affect mental development in infants, toxic to the central and peripheral nervous systems

	Chromium, mg/L
	0.24
	0.19
	0.31
	0.05
	Carcinogenic


	Mercury, mg/L
	0.01
	BDL
	BDL
	 0.001

	Affects the kidney and central nervous system

	Arsenic, mg/L
	0.08
	BDL
	0.07
	0.01

	Carcinogenic

	Calcium, mg/L
	15.23
	20.11
	26.8
	 -
	 Not of health concern



*Maximum Allowable Limits (MAL) represent concentrations of chemical and organic/inorganic contamination allowed in drinking water for which no adverse health effect is noticed.
*Below Detection Limit (BDL) of <0.01



Table 2. Contamination assessment of groundwater (borehole water) samples and soil sample from K-Dere and Kpor communities (Sibe and Ajuru, 2025).
	

	BOREHOLE WATER QUALITY
	SURFACE WATER QUALITY
	1RfDo/2MRLs/3MCLs (mg/kg/day)
	RfCi air
(mg/m3
)
	CSFo
(mg/kg/day)
	CSFi
(mg/kg/day)
	Lifetime
(mg/kg/yr)

	SAMPLE
	BH1
	BH2
	BH3
	SW4
	
	
	
	
	

	BTEX
	                                      BTEX (mg/L)

	
	
	
	
	

	Benzene
	0.074
	0.065
	0.403
	0.0304
	10.004c
30.005
	0.03c
	0.055c
	2.7E-2  c
	0.003

	Toluene
	0.020
	0.048
	0.018
	0.016
	1 0.08a ,0.2b
1
	0.4 b, c
5.0e
	-
	-
	-

	Ethylbenzene
	0.029
	0.016
	0.009
	0.0127
	1 0.1a, b
30.3d
	1.0a, b
	0.011d
	0.0087d
	0.7

	m. p-Xylene
	0.072
	0.025
	0.043
	0.024
	1 0.2 a, b
310
	 0.4
	-
	-
	-

	o-Xylene
	0.047
	0.070
	0.035
	0.031
	1 0.2 a, b
310
	0.1
	-
	-
	-

	Total
	0.24
	0.22
	0.51
	0.11
	
	
	
	
	

	
	
PAHs (mg/L)

	
	
	
	
	

	Naphthalene
	0.04
	0.04
	0.04
	0.03
	10.02a, b
	0.003a, b
	-
	-
	0.1

	Acenaphthylene
	0.01
	BDL
	BDL
	0.02
	-
	-
	-
	-
	-

	Acenaphthene
	0.23
	0.05
	0.16
	0.22
	10.06a, b
	-
	-
	-
	-

	Fluorene
	0.03
	0.12
	0.12
	0.18
	0.04 a, b
	-
	-
	-
	-

	Anthracene
	0.06
	0.04
	0.02
	0.08
	10.3a , b,
	-
	-
	-
	-

	Phenanthrene
	0.07
	0.04
	0.11
	0.15
	 -
	-
	-
	-
	-

	Fluoranthene
	0.02
	0.02
	0.04
	0.07
	0.04a , b
	-
	-
	-
	-

	Pyrene
	0.02
	0.07
	0.02
	0.08
	 0.03a , b
	-
	-
	-
	-

	Benz (a) anthracene
	0.02
	0.02
	0.06
	0.04
	 -   a , b
	-
	0.1f
	-
	-

	Chrysene
	0.04
	0.14
	0.13
	0.04
	  -  a , b
	-
	0.001f
	-
	

	Benzo (b) fluoranthene
	BDL
	BDL
	BDL
	BDL
	   -  a , b
	-
	
	-
	-

	Benzo (k) fluoranthene
	BDL
	BDL
	0.02
	0.02
	   -  a , b
	-
	0.01f
	-
	-

	Benzo (a) pyrene
	BDL
	0.01
	BDL
	BDL
	 0.0003 , b, f
	-
	1.0f
1.7g
	-
	-

	Dibenz(a,h)anthracene
	BDL
	BDL
	BDL
	BDL
	-  a , b
	-
	1.0f
	-
	-

	Indeno(1,2,3-cd)pyrene
	0.03
	BDL
	BDL
	BDL
	-  a , b
	-
	0.1f
	-
	-

	Benzo (g,h,i) perylene
	BDL
	BDL
	BDL
	BDL
	-  a , b
	-
	-
	-
	-

	Total
	0.57
	0.55
	0.72
	0.93
	
	
	
	
	

	
	TPH
	
	
	
	
	

	Water (mg/L)
	767
	1210
	2430
	1030
	
	
	
	
	

	Soil (mg/kg)
	6,541
	6,186
	5,127
	*NM
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	



aUS EPA (2018).  Edition of the Drinking Water Standards and Health Advisories , b US EPA (1999). Human Health Benchmark, c US EPA (2000)
dOEHHA (2018), gOEHHA (2010), eUS EPA (2005b), fUS EPA (2023), *NM-not monitored, Below Detection Limit (BDL) of <0.01











   





Figure 2. Concentrations of BTEX (a), TPH (b), and PAHs (c) in borehole waters and a surface water sampled from K-Dere and Kpor communities, Ogoni, Rivers state.


Table 3. Non-cancer risk assessment of petroleum hydrocarbons (BTEX and PAHs) due to ingestion of ground and surface water by adults from K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023.

	BTEX
	Average Daily Water Exposure (ADEw)
(mg/kg/bw/day)
	RfDo (mg/kg/day)
	Target Hazard quotient (THQ)


	
	BH1
	BH2
	BH3
	SW4
	
	BH1
	BH2
	BH3
	SW4

	Benzene
	2.64 E-3
	2.32 E-3
	1.44 E-2
	1.09E-3
	4.0 E-3
	0.661
	0.58
	3.66
	0.27

	Toluene
	7.14 E-4
	1.71 E-3
	6.43 E-4
	5.71E-4
	8. E-2
	0.009
	0.02
	0.01
	0.007

	Ethylbenzene
	1.04 E-3
	5.71 E-4
	3.21E-4
	4.54E-4
	1.0  E-1
	0.010
	0.01
	0
	0.005

	m. p-Xylene
	2.57 E-3
	8.93 E-4
	1.54 E-3
	8.57E-4
	2.0 E-1
	0.013
	0
	0.01
	0.004

	o-Xylene
	1.68 E-3
	2.50 E-3
	1.25 E-3
	1.11E-3
	2.0 E-1
	0.008
	0.01
	0.01
	0.006

	Hazard Index (HI)
	
	
	
	
	
	0.7
	0.62

	3.6
	0.29

	PAHs
	
	
	
	
	
	
	
	
	

	Naphthalene
	1.43E-3
	1.43E-03
	1.42E-3
	1.07E-3
	2.0E-2
	0.07
	0.07
	0.07
	0.054

	Acenaphthylene
	3.57E-4
	0
	0
	7.14E-4
	-
	
	
	
	

	Acenaphthene
	8.21E-3
	1.79E-3
	5.71E-3
	7.86E-3
	6.0E-2
	0.14
	0.03
	0.1
	0.131

	Fluorene
	1.07E-3
	4.29E-3
	4.28E-3
	6.43E-3
	4.0E-2
	0.03
	0.11
	0.11
	0.161

	Anthracene
	2.14E-3
	1.43E-3
	7.14E-4
	2.86E-3
	3.0E-1
	0.01
	0
	0
	0.009

	Phenanthrene
	2.50E-3
	1.43E-3
	3.93E-3
	5.36E-3
	-
	
	
	
	

	Fluoranthene
	7.14E-4
	7.14E-4
	1.42E-3
	2.50E-3
	4.0E-2
	0.02
	0.02
	0.04
	0.063

	Pyrene
	7.14E-4
	2.50E-3
	7.14E-4
	2.86E-3
	3.0E-2
	0.02
	0.08
	0.02
	0.095

	Benz (a) anthracene
	7.14E-4
	7.14E-4
	2.14E-3
	1.43E-3
	-
	
	
	
	

	Chrysene
	1.43E-3
	5.00E-3
	4.64E-3
	1.43E-3
	-
	
	
	
	

	Benzo (b) fluoranthene
	0
	0
	0
	0
	
	
	
	
	

	Benzo (k) fluoranthene
	0
	0
	7.14E-4
	7.14E-4
	-
	
	
	
	

	Benzo (a) pyrene
	0
	3.57E-4
	0
	0
	3.0E-4
	0
	1.19
	0
	0

	Dibenz(a,h)anthracene
	0
	0
	0
	0
	-
	
	
	
	

	Indeno(1,2,3-cd)pyrene
	1.07E-3
	0
	0
	0
	-
	
	
	
	

	Benzo (g,h,i) perylene
	0

	0
	0
	0
	-
	
	
	
	

	Hazard Index (HI)
	
	
	
	
	
	0.28
	1.51
	0.34
	0.51






Table 4. Non-cancer risk assessment of petroleum hydrocarbons (BTEX and PAHs) due to ingestion of ground and surface water by children (aged 0<6yrs) from K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023.

	BTEX
	Average Daily Water Exposure (ADEw)
(mg/kg bw/day)

	RfDo (mgkg-1day-1)
	Hazard quotient (HQ)


	
	BH1
	BH2
	BH3
	SW4
	
	BH1
	BH2
	BH3
	SW4

	Benzene
	3.85 E-3
	3.38 E-3
	2.09 E-2
	1.58E-3
	4.0 E-3
	0.962
	0.85
	5.24
	0.395

	Toluene
	1.04 E-3
	2.49 E-3
	9.36 E-4
	8.32E-4
	8.0 E-2
	0.013
	0.03
	0.01
	0.010

	Ethylbenzene
	1.51 E-3
	8.32 E-4
	4.68E-4
	6.60E-4
	1.0 E-1
	0.015
	0.01
	0.01
	0.007

	m. p-Xylene
	3.74 E-3
	1.3 E-3
	2.24 E-3
	1.25E-3
	2.0 E-1
	0.019
	0.01
	0.01
	0.006

	o-Xylene
	2.44 E-3
	3.64 E-3
	1.82 E-3
	1.61E-3
	2.  E-1
	0.012
	0.02
	0.01
	0.008

	Hazard Index (HI)
	
	
	
	
	
	1.02
	0.92

	5.30
	0.43

	

	PAHs
	
	
	
	
	
	
	
	
	

	Naphthalene
	2.08E-3
	2.08E-3
	2.08E-3
	1.56E-3
	2.0E-2
	0.10
	0.10
	0.10
	0.078

	Acenaphthylene
	5.2E-4
	0
	   5.2E-4
	1.04E-3
	-
	
	
	
	

	Acenaphthene
	1.19E-2
	2.60E-3
	8.32E-3
	1.14E-2
	6.0E-2
	0.19
	0.04
	0.14
	0.191

	Fluorene
	1.56E-3
	6.24E-3
	6.24E-3
	9.36E-3
	4.0E-2
	0.04
	0.16
	0.16
	0.234

	Anthracene
	3.12E-3
	2.08E-3
	1.04E-3
	4.16E-3
	3.0E-1
	0.01
	0.01
	0
	0.014

	Phenanthrene
	3.64E-3
	2.08E-3
	5.72E-3
	7.80E-3
	-
	
	
	
	

	Fluoranthene
	1.04E-3
	1.04E-3
	2.08E-3
	3.64E-3
	4.0E-2
	0.03
	0.02
	0.05
	0.091

	Pyrene
	1.04E-3
	3.64E-3
	1.04E-3
	4.16E-3
	3.0E-2
	0.03
	0.12
	0.03
	0.139

	Benz (a) anthracene
	1.04E-3
	1.04E-3
	3.12E-3
	2.08E-3
	-
	0
	0
	0
	0

	Chrysene
	2.08E-3
	7.28E-3
	6.76E-3
	2.08E-3
	-
	0
	0
	0
	0

	Benzo (b) fluoranthene
	0
	0
	5.2E-4
	5.2E-4
	-
	0
	0
	0
	0

	Benzo (k) fluoranthene
	0
	 0
	1.04E-3
	1.04E-3
	-
	0
	0
	0
	0

	Benzo (a) pyrene
	0
	5.2E-04
	5.2E-4
	 5.20E-4
	3.0E-4
	0
	1.73
	0
	0

	Dibenz(a,h)anthracene
	0
	0
	5.2E-4
	 5.20E-4
	-
	0
	0
	0
	0

	Indeno(1,2,3-cd)pyrene
	1.56E-3
	0
	5.2E-4
	5.20 E-4
	-
	0
	0
	0
	0

	Benzo (g,h,i) perylene
	0

	  0
	0
	5.2 E-4
	-
	0
	0
	0
	0

	Hazard Index (HI)
	
	
	
	
	
	0.41
	2.18
	0.49
	0.75


Table 5. Cancer risk assessment of petroleum hydrocarbons (BTEX and PAHs) due to ingestion and inhalation of ground and surface water by adults from K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023.

	PARAMETERS
	BH1
	BH2
	BH3
	SW

	
	TCRO
	TCRi
	Σ TCRn
	TCRO
	TCRi
	Σ TCRn
	TCRO
	TCRi
	Σ TCRn
	TCRO
	TCRi
	Σ TCRn

	BTEX
	
	
	
	
	
	
	
	
	
	
	
	

	Benzene
	5.97E-5
	8.80E-5
	1.48E-04
	5.23E-5
	7.73E-5
	1.29E-4
	3.25E-4
	4.79E-4
	8.04E-4
	2.45E-5
	3.61E-5
	6.06E-5

	Toluene
	-
	
	
	
	
	
	
	
	
	
	
	

	Ethylbenzene
	4.01E-7
	1.11E-5
	1.15E-5
	2.58E-6
	6.13E-6
	8.71E-6
	1.45E-6
	3.45E-6
	4.90E-6
	2.05E-6
	4.87E-6
	6.92E-6

	m. p-Xylene
	-
	
	
	
	
	
	
	
	
	
	
	

	o-Xylene
	-
	
	
	
	
	
	
	
	
	
	
	

	Σ ILCR
	6.01E-5
	9.91E-5
	
	5.51E-5
	8.34E-5
	
	3.27E-4
	4.82E-4
	
	2.66E-05
	4.10E-5
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	PAHs
	
	
	
	
	
	
	
	
	
	
	
	

	Benz (a) anthracene
	2.94E-5
	-
	-
	2.94E-5
	-
	-
	8.81E-5
	-
	-
	5.87E-5
	-
	-

	Chrysene
	5.87E-7
	-
	-
	2.05E-6
	-
	-
	1.91E-6
	-
	-
	5.87E-7
	-
	-

	Benzo (b) fluoranthene
	0
	-
	-
	0
	-
	-
	0
	-
	-
	0
	-
	-

	Benzo (k) fluoranthene
	1.47E-6
	-
	-
	1.47E-6
	-
	-
	2.94E-6
	-
	-
	2.94E-6
	-
	-

	Benzo (a) pyrene
	1.47E-4
	-
	-
	1.47E-4
	-
	-
	1.47E-4
	-
	-
	1.47E-4
	-
	-

	Dibenz(a,h)anthracene
	1.47E-4
	-
	-
	1.47E-4
	-
	-
	1.47E-4
	-
	-
	1.47E-4
	-
	-

	Indeno(1,2,3-cd)pyrene
	4.40E-5
	-
	-
	1.47E-5
	-
	-
	1.47E-5
	-
	-
	1.47E-5
	-
	-

	Benzo (g,h,i) perylene
	0
	-
	-
	0
	-
	-
	0
	-
	-
	0
	-
	-

	ΣILCR-PAHs
	3.69E-4
	
	
	3.41E-4
	
	
	4.01E-4
	
	
	3.70E-4
	
	



aUS EPA (2018).  Drinking Water Standards and Health Advisories, bUS EPA (1999). Human Health Benchmark, Group A: Carcinogenic to humans, B2 (Probable human carcinogen-based on sufficient evidence of carcinogenicity in animals), C (Possible human carcinogen), D (Not classifiable as to human carcinogenicity),  X (no reported data). 
Class: A (BaP), B ( BaA, Chr, B(b)F, B(k)F, DB(ah)A and IP), C (Naph), D (B(ghi)P).
PAHs abbreviations: Naphthalene (Naph), anthracene (Ant), phenanthrene (Phen), acenaphthene (Ace), acenaphthylene (Acy), fluorene (Flu), fluoranthene (Flt), pyrene (Py), chrysene (Chr), benz(a)anthracene (BaA), benzo(a)pyrene (BaP), benzo(b)fluoranthene (B(b)F), benzo(k)fluoranthene (B(k)F), dibenzo(a,h)anthracene (DB(ah)A), benzo(g,h,i)perylene (B(ghi)P), and indeno(1,2,3-c,d)pyrene (IP)









  

Figure 3. Target cancer risk via oral ingestion and inhalation (TCRo & TCRi ) of BTEX compounds (a) , Target cancer risk via oral ingestion of PAHs (b)  in borehole waters and surface water sampled from K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023.





   

Figure 4.  Target cancer risk via oral ingestion and inhalation (TCRo & TCRi ) of benzene and toluene (a) and PAHs (b) by adults and children and  in borehole waters and surface water sampled from K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023.

  

Table 6. Cancer risk assessment of petroleum hydrocarbons (BTEX and PAHs) due to ingestion and inhalation of ground and surface by children (aged 0<6yrs) water, K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023.

	PARAMETERS
	BH1
	BH2
	BH3
	SW4

	
	TCRO
	TCRi
	Σ TCR
	TCRO
	TCRi
	Σ TCR
	TCRO
	TCRi
	Σ TCRo
	TCRO
	TCRi
	Σ TCR

	BTEX
	
	
	
	
	
	
	
	
	
	
	
	

	Benzene
	2.03E-4
	2.38E-4
	4.41E-04
	1.78E-4
	2.09E-4
	3.87 E-4
	1.11E-3
	1.29E-3
	2.40E-3
	8.34E-5
	3.94 E-4
	4.77E-4

	oluene
	-
	
	
	
	
	
	
	
	
	
	
	

	Ethylbenzene
	1.59E-5
	3.01E-5
	4.60E-5
	8.78E-6
	1.66E-5
	2.54E-5
	4.94E-6
	9.34E-6
	143E-5
	6.97E-6
	5.29E-5
	5.99E-5

	m. p-Xylene
	-
	
	
	
	
	
	
	
	
	
	
	

	o-Xylene
	-
	
	
	
	
	
	
	
	
	
	
	

	Σ ILCR
	2.19E-4
	2.68E-4
	
	1.87E-4
	2.26E-4
	
	1.11E-3
	1.29E-3
	
	9.04E-5
	4.47E-4
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	PAHs
	
	
	
	
	
	
	
	
	
	
	
	

	Pyrene
	
	
	
	
	
	
	
	
	
	
	
	

	Benz (a) anthracene
	9.97E-5
	
	
	9.97E-5
	
	
	2.99E-4
	
	
	1.99E-4
	
	

	Chrysene
	1.99E-6
	
	
	6.98E-6
	
	
	6.48E-6
	
	
	1.99E-6
	
	

	Benzo (b) fluoranthene
	0
	
	
	0
	
	
	0
	
	
	0
	
	

	Benzo (k) fluoranthene
	4.99E-6
	
	
	4.99E-6
	
	
	9.97E-6
	
	
	9.97E-6
	
	

	Benzo (a) pyrene
	4.99E-04
	
	
	4.99E-04
	
	
	4.99E-4
	
	
	4.99E-4
	
	

	Dibenz(a,h)anthracene
	4.99E-4
	
	
	4.99E-4
	
	
	4.99E-4
	
	
	4.99E-4
	
	

	Indeno(1,2,3-cd)pyrene
	1.49E-4
	
	
	4.99E-5
	
	
	4.99E-5
	
	
	4.99E-5
	
	

	Benzo (g,h,i) perylene
	0
	
	
	0
	
	
	0
	
	
	0
	
	

	Σ ILCR
	1.25E-3
	
	
	1.15E-3
	
	
	1.36E-4
	
	
	1.26E-3
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	





Table 7. The PEFs for individual PAHs and BaP equivalent risk assessments of drinking water in K-Dere (Bomu Oilfield), and Kpor Communities, Ogoni, 2023. (Tasmania EPA, 2021., Nisbet and Lagoy, 1992., ATSDR, 2022, U.S. EPA, 1993d).
	Congener
	PEF
(unitless)
	
BECPAHs
	BaPEQ (%)

	
	
	BH1
	BH2
	BH3
	SW4
	BH1
	BH2
	BH3
	SW4

	Benzo(a)pyrene
	1
	0
	0
	0
	0
	0.00
	70.7
	0.00
	0.00

	Dibenz(a.h)anthracene
	1
	0
	0
	0
	0
	0.00
	0
	0.00
	0.00

	Benz(a)anthracene
	0.1
	2.00E-3
	2.00E-3
	6.00E-3
	4.00E-3
	31.15
	14.1
	60.06
	50.31

	Benzo(b)fluoranthene
	0.1
	0
	0
	0
	0
	0.00
	0
	0.00
	0.00

	Benzo(k)fluoranthene
	0.1
	0
	0
	2.00E-3
	2.00E-3
	0.00
	0
	20.02
	25.16

	Indeno(1.2.3.c,d)pyrene
	0.1
	3.00E-3
	0
	0
	0
	46.73
	0
	0.00
	0.00

	Anthracene
	0.01
	6.00E-4
	4.00E-4
	2.00E-4
	8.00E-4
	9.35
	2.8
	2.00
	10.06

	Chrysene
	0.01
	4.00E-4
	1.40E-3
	1.30E-3
	4.00E-4
	6.23
	9.9
	13.01
	5.03

	Benzo(g.h.i)perylene
	0.01
	0
	0
	0
	0
	0.00
	0
	0.00
	0.00

	Naphthalene
	0.001
	4.00E-5
	4.00E-5
	4.00E-5
	3.00E-5
	0.62
	0.28
	0.40
	0.38

	Acenaphthylene
	0.001
	1.00E-5
	0
	0
	2.00E-5
	0.16
	0
	0.00
	0.25

	Acenaphthene
	0.001
	2.30E-5
	5.00E-5
	1.60E-4
	2.20E-4
	3.58
	0.35
	1.60
	2.77

	Fluorene
	0.001
	3.00E-5
	1.20E-4
	1.20E-4
	1.80E-4
	0.47
	0.85
	1.20
	2.26

	Phenanthrene
	0.001
	7.00E-5
	4.00E-5
	1.10E-4
	1.50E-4
	1.09
	0.28
	1.10
	1.89

	Fluoranthene
	0.001
	2.00E-5
	2.00E-5
	4.00E-5
	7.00E-5
	0.31
	0.14
	0.40
	0.88

	Pyrene
	0.001
	2.00E-5
	7.00E-5
	2.00E-5
	8.00E-5
	0.31
	0.49
	0.20
	1.01

	
	
	
	
	
	
	
	
	
	

	BaP equivalent‡ (mg-BaP/kg)

	
	6.38E-3
	4.10E-3
	9.95E-3
	7.92E-3
	100
	100
	100
	100




4.2	DISCUSSION

4.2.1	Noncancer risk assessment
4.2.1.1	Noncancer risk assessment (adults with average body weight of 70kg)
Noncancer risk assessment of hydrocarbons due to borehole water exposure were evaluated for both adults and children (Tables 3 & 4). The intake of volatile organics (BTEX) and PAHs via borehole drinking water and surface water are expressed as Average Daily Water Exposure (ADEw) commonly expressed in the literature as estimated daily intake (EDI) and average daily dose (ADD). The daily intake of BTEX via the two exposure pathways were all within their respective recommended daily exposure level (oral reference dose, RfDo) in all the water samples analyzed except the ADE (1.44 E-2) of Benzene in BH3 which exceeds its RfDo  (4.0 E-3). The Target Hazard Quotient (THQ) index (U.S EPA, 2001) that was used to estimate the evidence of noncancer effects due to drinking contaminated borehole water in K-Dere and Kpor  (Table 3 & 4) ranged from     0.003 – 3.6 (Ethylbenzene – Benzene)  in BH3 >   0.008 – 0.66  (Xylene – Benzene)  in  BH1  > 0.004 – 0.58 (Xylene – Benzene) in  BH2 >   0.006 – 0.29 (Xylene – Benzene) in SW4  with a corresponding Hazard index  (HI) of BTEX in the order of BH3 (3.6) > BH1  (0.7) > BH2 (0.62) > SW4 (0.29). The result indicates high risk of noncarcinogenicity due to drinking water from BH3 than in other borehole and surface water samples. This can be attributed to high value of daily intake of benzene in   BH3 than in other samples studied. Hence, the probability to elicit combined noncancer effects due to oral intake of BTEX in borehole waters BH3 is very high while there is low or no tendency of noncancer effects in BH1, BH2, and SW4.
Although volatile organic compounds (VOCs) tend to escape from surface water through volatilization (evaporation) into the air, once dissolved in groundwater they are more persistent. They can be transported through the unsaturated zone in recharge, in soil vapor, or as a non-aqueous-phase liquid (NAPLs). Once in the saturated zone, some highly soluble VOCs, move with the groundwater can be transported from well-to-well within the same aquifer. It has been found that some VOCs can be degraded by bacteria in the aquifer while others resist degradation and can be transported very long distances, in some cases reaching drinking-water supply wells.  (USGS, 2023). 
Table 3 also presents Average Daily Water Exposure (ADEw) of PAHs. Results from the evaluation of estimated daily ingestion of the individual PAHs by an adult from the study locations that consumes borehole water were found in the order of Benzo (k) fluoranthene/acenaphthylene - acenaphthene (7.14 E-4 -  7.86 E-3  mg/kg/day), > anthracene – acenaphthene (7.14 E-4 -  5.71 E-3  mg/kg/day) >  acenaphthylene -  acenaphthene ( 3.57 E-4 -  8.21 E-3  mg/kg/day), > benzo (a) pyrene -chrysene  (3.57 E-4  -  5.0 E-3  mg/kg/day) in sw4, BH3, BH1,  and BH2 respectively. All the individual PAHs were all consumed within their respective reference dose except for benzo (a) pyrene whose value (3.57E-4) exceeded its RfDo (3.0E-4). Benzo (a) pyrene is known potent PAH. Also, the Target hazard quotient (THQ) for the 16 priority PAHs were found below 1 indicating safe levels of consumption. However, the HI due to exposure to borehole water in location two (BH2) exceeded the threshold value of 1. This result indicates significant potential risk to residents of K-Dere and Kpor and other population that takes the contaminated water over their lifetime. 
There is enough scientific evidence of noncancer effects that has been demonstrated in animal models. Such effects include: developmental, reproductive, hematological, renal, endocrine, cardiovascular, pulmonary, gastrointestinal, immunologic, hepatic, dermal, ocular (Damon, 1997).
Research has associated noncancer effects of benzene, toluene, and xylenes with skin and sensory irritation, central nervous system (CNS) depression, and effects on the respiratory system including the lungs. Chronic exposure can also exhibit effect on the kidney, liver and blood systems (ODHS, 1994). 

4.2.1.2 Non-Cancer Risk Assessment (Child: 0<6yrs)
The result of noncancer risk assessment of hydrocarbons due to borehole water and surface water exposure on children presented in Table 1 above are discussed in this section. The intake of volatile organics (BTEX) and PAHs by children via borehole drinking water and surface water are expressed as Average Daily Water Exposure (ADEw). The daily intake of BTEX via borehole and surface water exposure pathways fell fairly within their respective recommended daily exposure level (oral reference dose, RfDo) in all the water samples analyzed except for the ADE value (2.09 E-2) observed for Benzene in BH3 which was well above the stipulated RfDo given as (4.0 E-3). The elevated benzene level in BH3 may be attributed to proximity to anthropogenic sources like petroleum storage or leaks, influencing contamination levels.
[bookmark: _heading=h.assib3kqht15]The Target Hazard Quotient (THQ) index (U.S EPA, 2001) that was used to estimate the evidence of noncancer effects due to drinking contaminated borehole water by children presented in table 1 ranged from  0.01-5.24 (Toluene – Benzene) in BH3 > 0.012 – 0.96 (o-Xylene - Benzene) in  BH1  > 0.01 – 0.85 (Ethylbenzene - Benzene) in  BH2 >   0.006 – 0.39 (m. p-Xylene - Benzene) in SW4  with a corresponding Hazard index  (HI) of BTEX in the order of 5.30 > 1.02 > 0.92 > 0.43 for BH3, BH1, BH2, and SW4 respectively. The results indicate that HI for BTEX compounds in borehole BH3 significantly surpass the acceptable threshold of 1 signifying a potential risk of adverse noncancer health effects associated with the consumption of BH3 than in other borehole and surface water samples. The elevated benzene level in in   BH3 (5.24) may be attributed to localized subsurface hydrogeological conditions that promote benzene mobilization, distinct from BH1 , BH2, and SW4.
Table 1 also presents Average Daily Water Exposure (ADEw) of PAHs. Results from the evaluation of estimated daily ingestion of the individual PAHs by a child that consumes borehole water were found in the order of Benzo(k)fluoranthene/acenaphthylene – acenaphthene (1.04E-3  - 1.14E-2 mg/kg/day), > anthracene – acenaphthene (1.04E-3  - 8.32E-3 mg/kg/day ) > acenaphthylene -  acenaphthene (5.2E-4  - 1.19E-2 mg/kg/day), >     benzo (a) pyrene -chrysene  (5.2E-4  - 7.28E-3 mg/kg/day) in SW4, BH3, BH1,  and BH2 respectively.
All the individual PAHs were all consumed within their respective reference dose except for benzo (a) pyrene whose value for BH2, BH3, and BH3 observed to be  5.2E-4 exceeded its RfDo (3.0E-4). Benzo (a) pyrene is primarily known for its carcinogenic properties, it can also have non-cancerous health effects. Exposure to Benzo (a) pyrene can lead to respiratory problems, cardiovascular issues, and other health concerns. It may also contribute to DNA damage and mutations, affecting overall health beyond cancer risk.
Also, the Target hazard quotient for the 16 priority PAHs were found below 1 indicating safe levels of consumption except for Benzo (a) pyrene in BH2 with value of 1.73.
Furthermore, the HI due to exposure to BH2 was observed to be 2.18, significantly exceeded the threshold value of 1. This result indicates significant potential risk of adverse health effects due to cumulative presence of PAHs contaminants, necessitating immediate investigation and mitigation measures. 

4.2.2	Cancer risk assessment

4.2.2.1	Incremental Lifetime Cancer Risk (ILCR) Approach
According to the US EPA (2003), there is sufficient evidence from both human epidemiological and animal studies that benzene is a human carcinogen. Workers exposed to high levels of benzene in occupational settings were found to have an increase in leukemia. 
Results obtained from evaluation of cancer risk from exposure to of petroleum hydrocarbons (BTEX and PAHs) due to ingestion (and inhalation of ground and surface water by adults from K-Dere and Kpor communities are presented in Table 5. 
The study found TCRo in the range of 2.45 E-5 (SW4) – 3.25 E-4 (BH3) and 4.01E-7 (BH1) – 2.56 E-6 (BH2) for benzene and ethylbenzene respectively while the TCRi of benzene and ethylbenzene ranged from 3.61 E-5 (SW4) – 4.79 E-04 (BH3) and 3.45E-6 (BH3) – 1.11E-05 (BH1) respectively.  From the results obtained, both ingestion and inhalation of benzene in borehole water (BH3) has the potential to elicit cancer in 1 person per 10,000 human population in the study locations and 1 person per 100,000 human population. However, exposure to ethylbenzene may not pose significant cancer risk as the target risk (TR) were within US EPA (2000) safe limit of 10-6.  The Literature has sufficient reports on the ability of benzene to cause leukemia (ODHS, 1994).
Sum of potential cancer risk due to benzene and ethylbenzene exposure from drinking (ingestion) and inhalation via water (Table 5) were found in the order of 8.04E-4 (BH3) > 1.48E-4 (BH1) > 1.29E-4 (BH2) > 6.06E-5 (BH1) and 1.15E-5 (BH1) > 8.79E-6 (BH2) > 6.92E-6 (SW4) >4.90E-6 (BH3) respectively.  Hence, combined intake of benzene via ingestion and inhalation has the probability of causing cancer in 1 person in every 10,000 humans exposed to BH3 and 1 person in every 100,000 human who drink BH1 and BH2.
The total incremental lifetime cancer risk via oral intake (ΣILCRo) for benzene and toluene was highest in borehole water 3.27 E-4 (BH3) and lowest in surface water 2.66E-5 (SW4) with a similar trend via inhalation route 4.82E-4(BH3) to 4.10E-5 (SW4).
The target cancer risk due to oral ingestion of drinking water (BH1) ranged from safe limit (chrysene, 5.87E-7) – unsafe limit of highly potent benzo (a) pyrene (1.47E-04), 1.47E-6 (benzo (k) fluoranthene) – 1.47E-7 (BH2), 1.91E-6 (chrysene) – 1.47E-4 (benzo (a) pyrene) in BH3 and 5.87E-7 (chrysene) – 1.47E-4 (benzo (a) pyrene) in SW4. Generally, chrysene was found to have the least chances (≤10-6) to elicit cancer effect in the residents of K-Dere and Kpor while benzo (a) pyrene which is highly known potent human carcinogen, has the highest probability to induce cancer effect (≤10-4). Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Anthracene, Phenanthrene and Fluoranthene were excluded from the cancer risk assessment of PAHs due to the unavailability of their cancer slope factors.
The incremental lifetime cancer risk (ILCRo) for PAHs in all samples studied, showed values exceeding the cancer safe limit. Hence, intake of all carcinogenic PAHs from drinking water has the probability to induce cancer in 1 adult per 10,000 human population. 
The cancer risk levels for children exposed to both pathways (ingestion and inhalation) of volatile compounds studied in this work are greater than those for adults in all stations, signifying the fact that exposed adults and children are potentially at risk of health effects with the children being more susceptible. Lower body weight and higher intake rate results a greater dose of hazardous substances per unit of body mass in children (Verbrugge 2008; ODHS 1994). Hence, children are shown to be at greater risk than adults.

4.2.2.2	Cancer Risk Assessment (Child: 0<6yrs)
Results obtained from evaluation of cancer risk from exposure to petroleum hydrocarbons (BTEX and PAHs) due to ingestion (and inhalation of ground and surface water by children from K-Dere and Kpor communities are presented in Table 2.
The study found TCRo in the range of 8.34 E-5 (SW4) – 1.11 E-3 (BH3) and 4.94 E-6 (BH3) – 1.59 E-5 (BH1) for benzene and ethylbenzene respectively while the TCRi range from 2.09 E-4 (BH2) – 1.29 E-3 (BH3) and 9.34E-6 (BH3) – 5.29E-4 (SW4) for benzene and ethylbenzene respectively. From the results obtained, both ingestion and inhalation of benzene in borehole water (BH3) carries a cancer risk, with a likelihood of 1 person developing cancer per 10,000 children due to exposure to volatile monoaromatic hydrocarbons. The result signifies a significant cancer risk associated with benzene exposure through ingestion or inhalation, requiring attention to minimize potential human health hazards. 
However, exposure to ethylbenzene may not pose significant cancer risk as the target risk (TR) were within US EPA (2000) safe limit of 10-6.
Sum of potential cancer risk due to benzene and ethylbenzene exposure from drinking (ingestion) and inhalation (through bathing and other routes) from water (Table 1) were found in the order of 2.40E-3 (BH3) > 4.77E-4 (SW4) > 4.41E-4 (BH1) >3.87 E-4 (BH2) and 5.99E-5 (SW4) > 4.60E-5 (BH1) > 2.54E-5 (BH2) > 1.43E-5 (BH3) respectively. 
Consequently, the cumulative benzene intake resulting from both ingestion and inhalation pathways is associated with a probability of inducing carcinogenic effects. Specifically, this probability entails a manifestation of cancer in one child per 10,000 children exposed to BH3 and 1 child per 100,000 children who consume BH1 and BH2 through ingestion. These probabilities underscore the importance of vigilant intervention measures and protection of the consumers of these noxious chemicals with potential deleterious effects. The evaluation of incremental lifetime cancer risk (ΣILCRo) associated with oral benzene and toluene exposure reveals significant variations. BH3 exhibits the highest ΣILCRo at 1.1 E-3, contrasting with the lowest outcome found in SW4 at 9.04E-5. Conversely, inhalation exposure yields similar trends, with BH3 posing the greatest risk at 1.29 E-3, while BH2 presents the lowest at 2.26 E-4.

4.2.3	Benzo (a) pyrene equivalent cancer risk assessment approach
The benzo (a) pyrene equivalent cancer risk levels of PAHs observed in drinking water in K-Dere for adults and children via ingestion were shown in Table 7. The results indicate that benzo (a) pyrene equivalent risk of individual PAHs ranged from 1.00E-5 – 3.00E-3, 2.00E-5 – 2.0E-3, 2.00E-5 – 6.00E-3 and 2.00E-5 – 4.00E-3 in BH1, BH2, BH3 and SW4 respectively. The total benzo (a) pyrene equivalent cancer risk (BaPeq) was found in the order of 1.41E-02 (BH2)> 9.95E-3 (BH3) > 7.92E-3 (SW4) 6.38E-3 (BH1) for Σ16PAHs. The toxicity contribution of individual PAH congener in the drinking water samples studied were expressed in percentage of the BaPeq of the Σ16PAHs (Table 7, Figure). Data showed that benzo (a) pyrene has the greatest cancer contribution of 71% (BH2), benz(a) anthracene has the highest cancer potency of 60.1% (BH3) >50.3% (SW4) >   Indeno(1.2.3.c,d) pyrene (47%) in BH1.
Benzo (a) pyrene is confirmed as the most potent human carcinogen (Class A). The observed result shows 71% probability of the human population of K-Dere to develop cancer due to intake of hazardous chemicals in water.
Both benzo (a) anthracene and indeno (1.2.3.c,d)pyrene have been classified as potential human carcinogen (B2) - based on sufficient evidence of carcinogenicity in animals by the (US. EPA, 1986). These results reveal high chances of cancer effect in drinking water from K-Dere.
The data (Table 7) revealed that the cancer risks were not in the safe range recommended by US EPA (10-6) in all of the samples monitored. Keshavarzifard et al (2017) found similar results for a health risk assessment of PAHs in short-neck clam conducted in Malaysia. 


5. Conclusion
The results obtained from this study has provided scientific proof of groundwater, surface water pollution and soil degradation of K-Dere an d Kpor environment. This environmental degradation is attributed to the presence of noxious organic and inorganic substances from oil spill and related crude oil activities in the area. This condition has led to an alteration of groundwater, surface water and soils quality. This study has revealed low pH, cloudy water with high turbidity and objectionable taste above regulatory limits, heavy metal ions concentrations of Pb, Hg, Cr, and As above their WHO (2011) MAL of 0.01,0.001, 0.05, and 0.01mg/L respectively. 
The average daily intake of BTEX compounds ingestion in the borehole water analyzed were within their respective reference dose except benzene with an ADEw of 1.44E-2 and 2.09E-2 in BH2 for adults and children respectively. The potential noncancer risk (HI) due to combined effects of consuming BTEX compounds exceeded US EPA standard for both children (BH1 and BH3) and adults (BH3). The combine noncancer risk due to oral intake of PAHs were higher in children (2.18) than in adults (1.51) in BH2.
The cancer risk due to multiple exposure pathways (ingestion and inhalation) of benzene, other volatile compounds and PAHs in borehole and surface water in this study exceeded the US EPA cancer safe limits of 10-6, the risk due to combined exposure also exceeded the safe limits showing the probability of 1 individual to exhibit cancer effect in every 10,000 population of both communities and the total incremental lifetime cancer shows the tendency of 1 in 10,000 and 1 in 100,000 in adult population to development cancer while the susceptibility of children within the age of 0-6 years were higher as their risk to cancer development showed probability of 1 in every 1,000 or 1 in every 10,000 child to exhibit cancer effect.  The benzo (a) pyrene equivalent (BaPeq) cancer risk assessment model of PAHs revealed greater potentials of individual and total (Σ16PAHs) to elicit cancer in the studied population. This approached show that 1 individual in every 100 persons (10 -2) and 1 in 1000 (10-3) persons can develop cancer in the study area. The observed result shows 71% probability of benzo (a) pyrene, the most potent PAH to elicit cancer in the human population of the study area due to ingestion of hazardous chemicals in water.
Generally, the cancer risk levels for children exposed to both pathways (ingestion and inhalation) of volatile compounds studied in this work are greater than those for adults in all stations, signifying the fact that exposed adults and children are potentially at risk of health effects with the children being more vulnerable.
Drinking and domestic water consumption presents deleterious health costs to the people living
in this area. These conditions are expected to be aggravated in years to come with the reality of incessant oil spills, government insensitivity, persistent conflicts and deprivation of human rights by government and oil companies in the areas.
Further and regular water quality surveillance is recommended by independent researchers, hydrocarbon pollution and remediation project (HYPREP), and other regulators and agencies to generate more robust scientific data that depicts and establishes the public health risk status and environmental degradation in the study areas. Urgent, case-specific effective intervention policies and practices are strongly recommended.
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BH1	Benz (a) anthracene	Chrysene	Benzo (b) fluoranthene	Benzo (k) fluoranthene	Benzo (a) pyrene	Dibenz(a,h)anthracene	Indeno(1,2,3-cd)pyrene	Benzo (g,h,i) perylene	2.94E-5	5.8699999999999995E-7	0	1.4699999999999999E-6	1.47E-4	1.47E-4	4.3999999999999999E-5	0	BH2	Benz (a) anthracene	Chrysene	Benzo (b) fluoranthene	Benzo (k) fluoranthene	Benzo (a) pyrene	Dibenz(a,h)anthracene	Indeno(1,2,3-cd)pyrene	Benzo (g,h,i) perylene	2.94E-5	2.0499999999999999E-6	0	1.4699999999999999E-6	1.47E-4	1.47E-4	1.47E-5	0	BH3	Benz (a) anthracene	Chrysene	Benzo (b) fluoranthene	Benzo (k) fluoranthene	Benzo (a) pyrene	Dibenz(a,h)anthracene	Indeno(1,2,3-cd)pyrene	Benzo (g,h,i) perylene	8.81E-5	1.9099999999999999E-6	0	2.9399999999999998E-6	1.47E-4	1.47E-4	1.47E-5	0	SW4	Benz (a) anthracene	Chrysene	Benzo (b) fluoranthene	Benzo (k) fluoranthene	Benzo (a) pyrene	Dibenz(a,h)anthracene	Indeno(1,2,3-cd)pyrene	Benzo (g,h,i) perylene	5.8699999999999997E-5	5.8699999999999995E-7	0	2.9399999999999998E-6	1.47E-4	1.47E-4	1.47E-5	0	



4 (a)

Adults	Benzene	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	BH1	BH2	BH3	SW	5.9700000000000001E-5	8.7999999999999998E-5	5.2299999999999997E-5	7.7299999999999995E-5	3.2499999999999999E-4	4.7899999999999999E-4	2.4499999999999999E-5	3.6100000000000003E-5	Adults	Ethylbenzene	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	BH1	BH2	BH3	SW	4.01E-7	1.11E-5	2.5799999999999999E-6	6.1299999999999998E-6	1.4500000000000001E-6	3.45E-6	2.0499999999999999E-6	4.87E-6	Children	Benzene	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	BH1	BH2	BH3	SW	2.03E-4	2.3800000000000001E-4	1.7799999999999999E-4	2.0900000000000001E-4	1.1100000000000001E-3	1.2899999999999999E-3	8.3399999999999994E-5	0	Children	Ethylbenzene	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	TCRO	TCRi	BH1	BH2	BH3	SW	1.59E-5	3.01E-5	8.7800000000000006E-6	1.66E-5	4.9400000000000001E-6	9.3400000000000004E-6	6.9700000000000002E-6	5.2899999999999998E-5	



(b)

Benz (a) anthracene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	2.94E-5	9.9699999999999998E-5	2.94E-5	9.9699999999999998E-5	8.81E-5	2.99E-4	5.8699999999999997E-5	1.9900000000000001E-4	Chrysene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	5.8699999999999995E-7	1.99E-6	2.0499999999999999E-6	6.9800000000000001E-6	1.9099999999999999E-6	6.4799999999999998E-6	5.8699999999999995E-7	1.99E-6	Benzo (b) fluoranthene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	0	0	0	0	0	0	0	0	Benzo (k) fluoranthene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	1.4699999999999999E-6	4.9899999999999997E-6	1.4699999999999999E-6	4.9899999999999997E-6	2.9399999999999998E-6	9.9699999999999994E-6	2.9399999999999998E-6	9.9699999999999994E-6	Benzo (a) pyrene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	1.47E-4	4.9899999999999999E-4	1.47E-4	4.9899999999999999E-4	1.47E-4	4.9899999999999999E-4	1.47E-4	4.9899999999999999E-4	Dibenz(a,h)anthracene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	1.47E-4	4.9899999999999999E-4	1.47E-4	4.9899999999999999E-4	1.47E-4	4.9899999999999999E-4	1.47E-4	4.9899999999999999E-4	Indeno(1,2,3-cd)pyrene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	4.3999999999999999E-5	1.4899999999999999E-4	1.47E-5	4.99E-5	1.47E-5	4.99E-5	1.47E-5	4.99E-5	Benzo (g,h,i) perylene	Adult	Children	Adult	Children	Adult	Children	Adult	Children	BH1	BH2	BH3	SW4	0	0	0	0	0	0	0	0	
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