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Abstract
Crude oil pollution in the Niger Delta, perpetrated by both local communities and industrial actors, has brought about soil pollution with its consequent ecological, human health and food challenges. The purpose of this research was to examine the concentration and distribution of heavy metals in soil from communities contaminated by crude oil in Niger Delta, and to evaluate the potential health risks to residents from exposure to these contaminants. To achieve this, soil samples were collected from the Ihwrekreka community and analyzed for heavy metal content using inductively coupled plasma mass spectrometry (ICP-MS). The analytical results in mg/kg revealed a significant metals pollution level derived from the oil spill in the soil ranging from 4.85 - 17,078 (Cu), 1.01 - 16.1 (Cd), 0.22 - 36.8 (Cr), 8.28 - 40.9 (Ni), 7.51 - 6474
(Pb), and 8.84 - 12,851 (Zn) respectively. Most of the metals were above the permissible limits of World Health Organization, with Cu, Zn, and Pb as the most contaminating metals. Lead was found to be the main contributor to the hazard index (HI) values for both children and adults in the study area, with its concentration exceeding the permitted limits set by the WHO and the EC. The hazard index (HI) values of Pb, Cu, Zn, Cd, Ni, and Cr were significantly higher than 1. These findings suggest that the release of heavy metals from an oil-contaminated site may pose a risk to human health and the environment.
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1. [bookmark: 1._Introduction]Introduction
Natural geological process, such as ore formation, weathering of rocks, leaching or degassing could introduce heavy metals as contaminant in soil (Gautam et al., 2014; Ali et al., 2019). However, human activities such as illegal refining of fossil fuels, petroleum prospecting, mining, and crude oil pollution can contribute to excessive release of these metals into soils or agricultural lands, resulting in in- creased concentrations of heavy metals in soil (Okoye et al., 2022; Njoku et al., 2016; Aigberua et al., 2017a; Moslen & Aigberua, 2019; Gwary et al., 2019; Ug- boma et al., 2020). In the Ihwrekreka community, identified causes of pollution include illegal refining of crude oil and oil bunkering from pipelines carrying crude oil products (Nwaichi et al., 2016; Ogunkeyede et al., 2022). These activi- ties have left the soil in the area barren and damaged agricultural lands, affecting the livelihood of the indigenous people who rely on ecosystem services for sur- vival and resulting in increased poverty and displacement of people (Abayomi et al., 2021; Richard et al., 2022). Furthermore, residents in communities with crude oil pollution face health risks with the intent of predicting and sustainably manage future environmental or health problems in Delta State (Omozue, 2021; Howard et al., 2021). It is crucial to employ environmental and health tools in order to assess pollution loads by correlating sources and conducting a health risk assessment. This study aims to determine concentration and distribution of heavy metals in soils for agricultural purposes from communities in the Niger Delta that have been contaminated by crude oil, and to evaluate the potential health risks to residents from exposure to these heavy metals.
2. [bookmark: 2._Materials_and_Methods]Materials and Methods
2.1. [bookmark: 2.1._Sampling_Area]Sampling Area
Ihwrekreka is a community located in the Delta State of Nigeria, specifically in the Ughelli South Local Government Area of Delta State. It is situated between the Latitudes of 050, 27N and 050, 33N and Longitudes of 0050, 53 E and 0060, 04 E. The community is home to a crude oil pipeline that transports oil through the area. However, the community’s agricultural lands have suffered from crude oil pollution due to years of illegal oil bunkering, refining of crude products, and the frequent use of agricultural pesticides (Nwaichi et al., 2016). The conse- quences of this pollution on the soil have been significant, leading to soil conta- mination and damage to agricultural lands, which can affect the livelihoods of the home-grown people who rely on these lands for their survival (Kadafa, 2012; Elum et al., 2016; Zabbey et al., 2017; Osuagwu & Olaifa, 2018). The sampling points for the study are revealed in Figure 1.
2.2. [bookmark: 2.2._Sample_Collection_and_Storage]Sample Collection and Storage
In this study, soil samples were collected from Ihwrekreka community in Ughelli South LGA of Delta State. Sampling was done in nine different points in the
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[bookmark: _bookmark0]Figure 1. Map of Ihwrekreka community showing sample points.

community, with multiple samples collected from areas with dense pollution which made the samples collected accumulate to 24 in total. The 24 samples of soil samples were collected and labeled P1 through P24. A control sample was also collected from a farm inside the University premises of the Federal Univer- sity of Petroleum Resources, Effurun, Delta State, where no crude oil pollution was present. Soil samples were collected using a hollow stem soil auger at 0 - 15 cm of soil depth. The soil auger was thoroughly decontaminated with n-hexane after each sample was collected to prevent contamination. The samples were then placed in Aluminum foils and labeled, and transported to the laboratory in an ice chest at 4˚C. Once in the laboratory, the samples were stored in a refrigerator.
2.3. [bookmark: 2.3._Sample_Preparation_and_Analysis]Sample Preparation and Analysis
The soil samples we reanalyzed for heavy metal content using inductively coupled plasma mass spectrometry (ICP-MS). This method is widely used in trace element analysis and allows for the determination of a wide range of ele- ments in a single sample. Leite et al. (2017) procedure was used to prepare the samples for analysis. Briefly, the samples were dried at 60˚C for 48 hours, ground to a fine powder using a mortar and pestle, and passed through a 2 mm sieve. The powdered samples were then subjected to acid digestion using a mix- ture of concentrated nitric acid and hydrochloric acid. The resulting solution


was analyzed for heavy metal content using the ICP-MS.
The potential dangers to health that may be caused by high levels of heavy metals in soil were evaluated using the hazard index (HI) and Cancer risk (CR) method as described by the United States Environmental Protection Agency (USEPA) (2004). The Hazard Quotient (HQ) is a measure used to determine the likelihood that an individual will experience negative effects from exposure to a particular substance or hazard and is often calculated by dividing the estimated daily intake of a particular substance by the chronic reference dose (RfD) for that substance. The chronic reference dose is the amount of a substance that a person can be exposed to on a daily basis over a lifetime without experiencing any adverse effects (Table 1).
The HI is the summation of the heavy metal HQs in the soil. Values for HI above 1.00 indicate an increased likelihood of non-cancer health problems in the human population.
In addition to evaluating non-carcinogenic risks, cancer risk level (CRL) me- thod was used to examine the metals potential carcinogenic risk in the soil. The CRL is the probability of an individual developing cancer over a lifetime due to ex- posure to a particular chemical. A CRL of 1.00 × 10−6 means that there is a proba- bility of one cancer case per 100,000 people in a given population. The CRL was measured for each metal in the soil samples using the formula CRL = (concentra- tion of soil heavy metal (mg/kg)) × (slope factor (mg/kg/day)−1).
2.4. [bookmark: 2.4._Data_Analysis]Data Analysis
Descriptive analysis (mean and standard deviation), carcinogenic and non-car- cino-genic risk indices were performed in Microsoft excel (2016). Principal component analysis (P.C.A.) was conducted using XLSTAT.
3. [bookmark: 3._Results_and_Discussion]Results and Discussion
3.1. [bookmark: 3.1._Physicochemical_Properties_of_Crude]Physicochemical Properties of Crude Oil-Polluted Site in Ihwrekreka Community
The concentration of copper in the crude oil polluted soil samples from the

[bookmark: _bookmark1]Table 1. Reference doses (RfD) in (mg/kg/day) and cancer slope factors (CSF) for the different heavy metals.

	Heavy Metal	Oral Rfd	Dermal
	Inhalation
	Oral
	Dermal
	Inhalation

	
	
	Rfd
	Rfd
	CSF
	CSF
	CSF

	Pb
	0.00
	-
	-
	0.01
	-
	420.00

	Cd
	0.00
	0.00
	0.00
	-
	-
	630.00

	Cr
	0.00
	-
	0.00
	0.50
	-
	41.00

	Ni
	0.02
	0.01
	-
	-
	-
	-

	Cu
	0.04
	0.02
	-
	-
	-
	-

	Zn
	0.30
	0.08
	-
	-
	-
	-




Ihwrekreka community was well above the permissible limit of 100 mg/kg set by the World Health Organization (WHO) and the maximum allowable limit of 50 mg/kg set by the European Union (EC) (Table 2). The highest concentration of copper, 17,078 mg/kg, was found in sample PT16. Copper is a vital nutrient for humans and is important for the operations of the immune system, but excessive levels of copper can lead to negative health effects such as nausea, vomiting, and diarrhea (Chasapis et al., 2020). The Zinc concentration within the crude oil polluted soil samples from the Ihwrekreka community was also above the per- missible limit of 300 mg/kg set by the WHO and the maximum allowable limit of 50 mg/kg set by the EC (Table 2). The highest concentration of Zinc, 12852 mg/kg, was found in sample PT16. While Zinc is a vital nutrient for humans and is important for immune operations and wound healing, excessive levels of Zinc can lead to negative health effects such as anemia, diarrhea, and nausea (Chasa- pis et al., 2020).
The Copper concentration within the oil polluted soil samples from the Ih- wrekreka community was well above the permissible limit of 100 mg/kg set by the World Health Organization (WHO) and the maximum allowable limit of 50 mg/kg set by the European Union (EC) (Table 3). PT16 had the maximum con- centration of Copper, with a level of 17,078 mg/kg. Copper is a vital nutrient for humans and is important for the functioning of the immune system, but exces- sive concentrations of copper could result in negative health effects such as nau- sea, vomiting, and diarrhea (Taiwo et al., 2020).
The concentration of zinc in the crude oil polluted soil samples from the Ih- wrekreka community was also above the permissible limit of 300 mg/kg set by the WHO and the maximum allowable limit of 50 mg/kg set by the EC (Table 3). The maximum concentration of zinc at PT16 was 12,851.5 mg/kg. While Zinc is an important nutrient for humans and is important for immune activities and wound healing, negative health occurs when Zinc metals are excessive (anemia, diarrhea, and nausea) (Kan et al., 2021).
The level of Lead in the petroleum contaminated soil samples from the Ih- wrekreka community exceeded the permissible limit of 85 mg/kg set by the
[bookmark: _bookmark2]Table 2. Concentration of heavy metals in crude oil polluted soil from the Ihwrekreka community and comparison with maximum allowable limits in various countries.

	Heavy Metal
	Concentration (mg/kg)
	Maximum Allowable Limit (mg/kg)

	Copper
	4.85 - 17,078
	100 (WHO) - 50 (EC)

	Zinc
	8.84 - 12,852
	300 (WHO) - 50 (EC)

	Lead
	7.51 - 6474
	85 (WHO) - 50 (EC)

	Nickel
	10.2 - 40.9
	50 (WHO) - 20 (EC)

	Chromium
	0.22 - 36.8
	100 (WHO) - 50 (EC)

	Cadmium
	1.01 - 16.1
	3 (WHO) - 5 (EC)


Note: EC = European Union.


WHO and the maximum allowable limit of 50 mg/kg set by the EC (Table 2). The highest concentration of Lead, 6474 mg/kg, was found in sample PT9. Lead is a toxic metal that can lead to a range of adverse health outcomes, including neurological problems, kidney damage, and high blood pressure (Chasapis et al., 2020; Collin et al., 2022).
The concentration of Nickel in the crude oil polluted soil samples from the Ihwrekreka community was relatively low compared to the permissible limit of 50 mg/kg set by the WHO and the maximum allowable limit of 20 mg/kg set by the EC (Table 3). The highest concentration of Nickel, 40.9 mg/kg, was found in sample PT16.
The presence of high concentrations of heavy metals in the soil of the Ihwre- kreka community poses a significant risk to the health and well-being of those living in the community and the surrounding environment. The presence of these metals in the soil may lead to the contamination of food crops and water sources, leading to potential ingestion or inhalation of these toxins by the resi- dents of the community.
Lead, in particular, is particularly toxic and can cause a range of harmful health impacts, including developmental delays in children, high blood pressure, kidney damage, and even death (Nriagu, 1989). Copper, Zinc, and Cadmium have also been linked to negative health effects, including gastrointestinal issues, anaemia, kidney damage, and neurological disorders (Wang et al., 2013a). Nickel has been linked to respiratory problems and an increased risk of cancer, particu- larly lung and nasal cancer (Duda-Chodak & Blaszczyk, 2008). Chromium has been associated with skin and respiratory irritation, kidney and liver problems, and even respiratory cancer (Wilbur et al., 2012, Alvarez et al., 2021).
It is important to note that these heavy metals may be present in the oil itself or in the materials and products used in the extraction, transportation, and processing of the oil (Wang et al., 2013b). The potential for exposure to these metals through soil, water, or air contamination may depend on the specific cir- cumstances of the oil-polluted site and the activities occurring in the area (Lawal et al., 2021). For example, if the oil-polluted site is located near a residential area, the potential for exposure to these metals through air contamination may be higher than if the site is located in a more remote area.
Given the potential risks associated with the high concentrations of heavy metals in the soil of the Ihwrekreka community, it is important to implement measures to reduce the levels of these toxins in the environment. This may in- clude implementing remediation strategies, such as soil washing or bioremediation, to remove the heavy metals from the soil (Lawal et al., 2021). It may also be neces- sary to consider alternative sources of drinking water and food for the residents of the community to minimize their exposure to these toxins. In addition, it may be necessary to consider the potential impacts of these metals on the local ecosystem, including plants, animals, and microorganisms. The concentrations of Chro- mium (Cr) levels in the soil samples (PT1-PT24) from the Ihwrekreka commu- nity as detailed in Figure 2 shows that Cr is generally below the permissible


[image: ]
[bookmark: _bookmark3]Figure 2. Concentration of Cr in crude oil-polluted soil in Ihwrekreka community.

allowable limits set by the World Health Organization (WHO) of 100 mg/Kg in soil (Osmani et al., 2015).
There is a need for the continuous monitoring of these concentrations as an increase can result to potential health risks, and ecological disruptions, may en- sue, necessitating immediate attention and remediation measures. Possible eco- logical disruptions resulting from elevated Chromium concentrations in the soil include contamination of water sources, bioaccumulation in plants and animals, disruption of the food chain, and adverse impacts on aquatic ecosystems, poten- tially leading to the decline of certain species and overall biodiversity (Ao et al., 2022; Saidon et al., 2024). Previous research has indicated that exposure to in- creased concentration of Cr can cause a variety of adverse health impacts, in- cluding skin and respiratory irritation, kidney and liver problems, pulmonary congestion and edema, upper abdominal pain, nose irritation and damage, and potentially respiratory cancer (Wilbur et al., 2012).
It is important to carefully consider the potential risks linked with Cr exposure in the soil, and to take steps to minimize the potential for exposure to this metal. This may involve implementing appropriate remediation techniques to reduce the Chromium soil concentration, as well as monitoring metal concentration in the environment and implementing measures to prevent further contamination. It may also be necessary to consider the potential impacts of high levels of Cr on the local ecosystem, including plants, animals, and microorganisms. The Cr soil con- centration from the Ihwrekreka community was higher than the Cr concentration in polluted soil in Shandong, China (Gao et al., 2022), but lower than the Cr con- centration in polluted plant samples in Akwa Ibom, Nigeria.


Figure 3 shows that the Zn concentration in the soil samples from the Ihwre- kreka community are significantly higher than the permissible limit of 50 mg/Kg (Osmani et al., 2015) as specified by WHO with the exception of PT17 to PT24. These levels may pose significant risk to human health and the environment.
This elevated Zn content, particularly in plants where it tends to bioaccumu- late, may result in health issues upon consumption, as Zn is stored in plant tis- sues and can lead to ecological effects such as disruption of the food chain and adverse impacts on biodiversity (Pérez-Hernández et al., 2021). Previous re- search has linked high Zn concentrations in the soil to kidney damage, neuro- logical disorders, and an increased risk of cancer (Lawal et al., 2021; Leal et al., 2023). Notably, the Zn levels in Ihwrekreka surpass those found in mechanic store clusters in Gboko and Makurdi, Nigeria (Pam et al., 2013), as well as levels in anthropogenically polluted soils.
It is important to carefully consider the potential risks related to high Zn soil concentration, and to take steps to minimize the potential for exposure to this metal. This may involve implementing appropriate remediation techniques to reduce the Zn soil concentration, as well as monitoring metal concentrations in the environment and implementing measures to prevent further contamination. It may also be necessary to consider the potential impacts of high levels of Zn on the local ecosystem, including plants, animals, and microorganisms. Previous research has advised that high Zn concentrations in the environment can lead to negative impacts on a range of species (Baker et al., 2003).
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[bookmark: _bookmark4]Figure 3. Zinc concentration in crude oil-polluted soil in Ihwrekreka community.


While Zn is a vital element for human health, with important functions in immune function, wound healing, and blood clotting, excessive Zn concentra- tions in the body can impact multiple facets of the immune structure (Chasapis et al., 2020). It is important to ensure that levels of Zn in the environment are within safe limits.
The concentrations of Cu in the soil samples from Ihwrekreka community as shown in Figure 4 are significantly higher than the permissible limit of 36 mg/Kg (Osmani et al., 2015) set by the WHO, and that these levels may pose a significant risk to human health.
Previous research has indicated that high levels of Cu in the soil can cause se- ries of adverse health impacts, including kidney damage, neurological disorders, and a higher chance of cancer risk (Adebiyi & Ayeni, 2022). In addition, the soil Cu concentration in the samples from the Ihwrekreka community was signifi- cantly higher than the concentrations derived from mechanic workshops in Za- ria, Kaduna state, Nigeria (Garba et al., 2013).
It is important to carefully consider the potential risks related with high Cu concentrations of Cu in the soil, and to take steps to minimize the potential for exposure to this metal. This may involve implementing appropriate remedia- tion techniques to reduce the soil Cu concentrations, as well as monitoring metal levels in the environment and implementing measures to prevent further contamination. It may also be necessary to consider the potential impacts of high levels of Cu on the local ecosystem, including plants, animals, and mi- croorganisms.
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[bookmark: _bookmark5]Figure 4. Copper concentration in crude oil-polluted soil in Ihwrekreka Community.


Previous research has revealed that high Cu concentrations in the environment can lead to negative impacts on a series of species (Baker et al., 2003).
Nickel (Ni) soil concentrations in the samples (Figure 5) from the Ihwrekreka community suggests that these levels are relatively lower than the permissible limit of 35 mg/Kg set by the WHO (Osmani et al., 2015).
The potential for an elevation in Ni levels due to continuous spills of crude oil and the use of pesticides should not be ignored, as high levels of Ni can cause a se- ries of negative health effects, including lung, nose, sinus cancer, and throat and stomach cancer (Duda-Chodak & Blaszczyk, 2008). It is important to monitor Ni levels in the environment and implement measures to prevent further contamina- tion in order to minimize the potential risks to human health and the environment. The concentration of Pb as shown in Figure 6 depicts that Pb concentration in soil samples from the Ihwrekreka community are higher than the permissible limit of 85 mg/Kg (Osmani et al., 2015) set by the WHO (PT1 to PT16 had Pb concentrations above the permissible levels, ranging from 99 - 6425 mg/kg), and
that these levels may pose a risk to human health and the environment.
Previous research has indicated that exposure to high levels of Pb can cause a range of negative health effects, including neurological disorders, kidney dam- age, and an increased risk of cancer. In addition, the concentration of Pb in the soil samples from the Ihwrekreka community was found to be higher than the concentration of Pb in soil samples from crude oil polluted areas in Kokori, Kolo in the Niger delta (Fatoba et al., 2016), and Ogale in Eleme local government area of Rivers state, Nigeria (Afolabi & Adesope, 2022). It is important to
[image: ]
[bookmark: _bookmark6]Figure 5. Concentration of Ni in the crude oil-polluted soil in Ihwrekreka community.


[image: ]
[bookmark: _bookmark7]Figure 6. Concentration of Pb in crude oil-polluted soil in Ihwrekreka community.

carefully consider the potential risks related with high concentrations of Pb in the soil, and to take steps to minimize the potential for exposure to this metal. This may involve implementing appropriate remediation techniques to reduce the levels of Pb in the soil, monitoring metal concentrations in the environment and implementing measures to prevent further contamination. It may also be necessary to consider the potential impacts of high concentrations of Pb on the local ecosystem, including plants, animals, and microorganisms (Grenni et al., 2018; Prata et al., 2021). Previous research has suggested that high Pb concentra- tions in the environment can lead to negative impacts on a series of species (Baker et al., 2003).
Figure 7 suggests that the Cd concentrations in the soil samples from the Ihwre- kreka community are higher than the permissible level set by the World Health Organization (WHO) (PT1 to PT16, with concentrations ranging from 4 - 16 mg/kg), and that these levels may pose a risk to human health and the environment.
Previous research has indicated that exposure to high levels of Cd can lead to a range of negative health effects, including kidney damage and an increased risk of cancer (Nriagu, 1989). Also, the soil Cd concentrations in the samples from the Ihwrekreka community was higher than the Cd concentration in the petro- leum polluted soils from Obiobi/Obrikom in the Niger delta (Osuji & Onojake, 2004), but lower than the Cd level in the soil samples from the Liaohe River Del- ta in China (Yan et al., 2018).
It is important to carefully consider the potential related risks with high Cd concentration in the soil, and to take steps to minimize the potential for expo- sure to this metal. This may involve implementing appropriate remediation techniques to reduce the levels of Cd in the soil, as well as monitoring metal
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[bookmark: _bookmark8]Figure 7. Cadmium concentration in the crude oil-polluted soil in Ihwrekreka community.

levels in the environment and implementing measures to prevent further con- tamination. It may also be necessary to consider the potential impacts of high Cd concentrations on the local ecosystem, including plants, animals, and mi- croorganisms. Previous research has suggested that high Cd concentrations in the environment can lead to negative impacts on a series of species (Baker et al., 2003).
3.2. [bookmark: 3.2._Principal_Component_Analysis_(P.C.A]Principal Component Analysis (P.C.A.) of Dataset Showing Heavy Metals in Soils of Crude Polluted Ihwrekreka Community
Principal component analysis (P.C.A.) was used to investigate the data from samples of soil taken in the Ihwrekreka community. The results showed that Factors 1 and 2 significantly influenced the variables and contributed approx- imately 88.1% to the variability and correlations in the data (Table 3). Factor 1 represents the influence of crude oil on the concentration of heavy metals, while Factor 2 represents the influence of crude oil spills and natural and anthropo- genic sources on the concentration of heavy metals. Factor 1 had a strong influ- ence on the levels of Pb, Cd, Zn, Cu, Zn, and Ni, while Factor 2 influenced the concentration of Cr.
The biplot in Figure 8 showed that Factor 1 had a strong influence on the ex- istence of heavy metals at PT9, PT11, PT12, PT14, and PT16, while Factor 2 was influenced by PT1, 4, and 6. The loadings of chromium (Cr), nickel (Ni), and zinc (Zn) in Principal Component 1 (PC1) were higher than those of other elements


[bookmark: _bookmark9]Table 3. Correlation between variable and factor loading with eigenvalues and cumulative variability of heavy metals across all the sampling points at the Ihwrekreka community.

	Metals (mg/kg)
	F1
	F2
	F3
	F4
	F5
	F6

	Pb
	0.908
	−0.391
	−0.107
	−0.056
	−0.024
	0.087

	Cd
	0.912
	−0.221
	−0.189
	0.284
	0.048
	−0.026

	Cr
	0.842
	0.260
	0.459
	0.117
	−0.017
	0.012

	Zn
	0.559
	0.791
	−0.237
	0.017
	−0.073
	−0.001

	Cu
	0.874
	−0.455
	0.028
	−0.140
	−0.068
	−0.064

	Ni
	0.918
	0.320
	−0.009
	−0.210
	0.101
	−0.009

	Eigenvalue
	4.284
	1.204
	0.314
	0.161
	0.023
	0.013

	Variability (%)
	71.4
	20.1
	5.24
	2.69
	0.39
	0.21

	Cumulative %
	71.4
	91.5
	96.7
	99.4
	99.8
	100
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[bookmark: _bookmark10]Figure 8. Principal component analysis diagram for average Cd, Cr, Cu, Ni, Zn, and Pb concentrations in each segment of crude oil polluted soil samples from Ihwrekreka.

in Principal Component 2 (PC2), except for Zn, which recorded a value of 0.791. This suggests a strong correlation and a singular identifiable source for ele- ments in PC1, despite the influence of other sources. Zn has a strong association with Ni in PC1, contributing 71.4% to the total variance with high loadings. The high loadings (91.5%) and strong relationship between Cr, Ni, and Zn indicate


contributions from crude oil pollution, as well as contributions from geological origins (Ogunlaja et al., 2019). The reduced loadings (20.1%) and close relation- ship between cadmium (Cd), Pb, and copper (Cu) could suggest their common anthropogenic origin, such as vehicular emissions, indiscriminate waste disposal, and the use of pesticides in agricultural lands (Bradl, 2005). These findings indi- cate that the heavy metals in the soils from Ihwrekreka were connected with crude oil contamination and possibly other identified anthropogenic activities.
3.3. [bookmark: 3.3._Human_Health_Risk_Assessment]Human Health Risk Assessment
3.3.1. [bookmark: 3.3.1._Non_Cancer_Risk_Assessment]Non Cancer Risk Assessment
According to the findings of this study, heavy metal concentrations in the soil in the Ihwrekreka community could potentially be harmful to children and adults who engage in activities such as farming that bring them into contact with the soil. This is due to the potential health risks associated with exposure to these metals. The hazard index (HI) is a measure that is used to evaluate the potential non-carcinogenic health risks associated with exposure to specific metals present in the soil samples. In this study, residents of the study area were found to be at a high probability of cancer risk due to daily exposure to Cr via dermal contacts, ingestion, and inhalation (Tables 4-6).
[bookmark: _bookmark11]Table 4. Hazard quotients and hazard index for the ingestion pathway of Zn in children and adults’ population in soil from Ihwrekreka community for carcinogenic risk assessment.
Children	Adult
 (
Ingestion
Inhalation
Dermal
Total
Ingestion
Inhalation
Dermal
Total
P1
0.06
0.00
0.03
0.09
0.01
0.00
0.01
0.01
P2
0.03
0.00
0.01
0.04
0.00
0.00
0.00
0.00
P3
0.18
0.00
0.09
0.27
0.01
0.00
0.02
0.03
P4
0.15
0.00
0.08
0.23
0.01
0.00
0.02
0.02
P5
0.09
0.00
0.05
0.14
0.00
0.00
0.01
0.01
P6
0.10
0.00
0.05
0.15
0.00
0.00
0.01
0.02
P7
0.03
0.00
0.01
0.04
0.00
0.00
0.00
0.00
P8
0.18
0.00
0.09
0.27
0.01
0.00
0.02
0.03
P9
0.11
0.00
0.06
0.17
0.00
0.00
0.01
0.02
P10
0.13
0.00
0.07
0.20
0.01
0.00
0.01
0.02
P11
0.34
0.00
0.17
0.51
0.01
0.00
0.04
0.05
P12
0.55
0.00
0.28
0.83
0.02
0.00
0.06
0.08
P13
0.23
0.00
0.12
0.35
0.01
0.00
0.02
0.03
P14
0.27
0.00
0.14
0.41
0.01
0.00
0.03
0.04
P15
0.11
0.00
0.06
0.17
0.00
0.00
0.01
0.02
P16
0.55
0.00
0.28
0.83
0.02
0.00
0.06
0.08
)Points


Continued

	P17
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P18
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P19
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P20
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P21
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P22
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P23
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P24
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Control
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Total
	3.11
	0.00
	1.60
	4.71
	0.14
	0.00
	0.33
	0.47



Table 5. Hazard quotients and hazard index for the ingestion pathway of Cu in children and adults’ population in soil from Ihwrekreka community for carcinogenic risk assessment.
Children	Adult
 (
Ingestion
Inhalation
Dermal
Total
Ingestion
Inhalation
Dermal
Total
P1
0.76
0.00
0.15
0.91
0.08
0.00
0.03
0.11
P2
0.40
0.00
0.08
0.48
0.02
0.00
0.02
0.03
P3
5.90
0.00
1.17
7.07
0.25
0.00
0.24
0.49
P4
1.72
0.00
0.34
2.06
0.07
0.00
0.07
0.14
P5
0.43
0.00
0.08
0.51
0.02
0.00
0.02
0.04
P6
1.84
0.00
0.36
2.21
0.08
0.00
0.08
0.15
P7
0.40
0.00
0.08
0.48
0.02
0.00
0.02
0.03
P8
5.90
0.00
1.17
7.07
0.25
0.00
0.24
0.49
P9
0.16
0.00
0.03
0.19
0.01
0.00
0.01
0.01
P10
0.09
0.00
0.02
0.11
0.00
0.00
0.00
0.01
P11
0.10
0.00
0.02
0.12
0.00
0.00
0.00
0.01
P12
0.33
0.00
0.06
0.39
0.01
0.00
0.01
0.03
P13
0.09
0.00
0.02
0.11
0.00
0.00
0.00
0.01
P14
0.15
0.00
0.03
0.19
0.01
0.00
0.01
0.01
P15
0.09
0.00
0.02
0.11
0.00
0.00
0.00
0.01
P16
0.33
0.00
0.06
0.39
0.01
0.00
0.01
0.03
P17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
P18
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
P19
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
P20
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
P21
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
)Points


Continued

	P22
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P23
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	P24
	0.01
	0.00
	0.00
	0.01
	0.00
	0.00
	0.00
	0.00

	Control
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Total
	18.70
	0.00
	3.70
	22.40
	0.85
	0.00
	0.77
	1.62



[bookmark: _bookmark12]Table 6. Hazard quotients and hazard index for the ingestion pathway of Pb in children and adult population in soil from Ihwrekreka community for non-carcinogenic risk assessment.
Children	Adult
 (
Ingestion
Inhalation
Dermal
Total
Ingestion
Inhalation
Dermal
Total
P1
2.33
0.00
0.00
2.33
0.25
0.00
0.00
0.25
P2
0.88
0.00
0.00
0.88
0.04
0.00
0.00
0.04
P3
23.00
0.00
0.00
23.00
0.99
0.00
0.00
0.99
P4
13.10
0.00
0.00
13.10
0.56
0.00
0.00
0.56
P5
4.14
0.00
0.00
4.14
0.18
0.00
0.00
0.18
P6
8.68
0.00
0.00
8.68
0.37
0.00
0.00
0.37
P7
0.88
0.00
0.00
0.88
0.04
0.00
0.00
0.04
P8
23.00
0.00
0.00
23.00
0.99
0.00
0.00
0.99
P9
0.92
0.00
0.00
0.92
0.04
0.00
0.00
0.04
P10
0.45
0.00
0.00
0.45
0.02
0.00
0.00
0.02
P11
3.47
0.00
0.00
3.47
0.15
0.00
0.00
0.15
P12
2.75
0.00
0.00
2.75
0.12
0.00
0.00
0.12
P13
1.07
0.00
0.00
1.07
0.05
0.00
0.00
0.05
P14
1.73
0.00
0.00
1.73
0.07
0.00
0.00
0.07
P15
0.45
0.00
0.00
0.45
0.02
0.00
0.00
0.02
P16
3.47
0.00
0.00
3.47
0.15
0.00
0.00
0.15
P17
0.03
0.00
0.00
0.03
0.00
0.00
0.00
0.00
P18
0.03
0.00
0.00
0.03
0.00
0.00
0.00
0.00
P19
0.03
0.00
0.00
0.03
0.00
0.00
0.00
0.00
P20
0.04
0.00
0.00
0.04
0.00
0.00
0.00
0.00
P21
0.03
0.00
0.00
0.03
0.00
0.00
0.00
0.00
P22
0.03
0.00
0.00
0.03
0.00
0.00
0.00
0.00
P23
0.03
0.00
0.00
0.03
0.00
0.00
0.00
0.00
P24
0.04
0.00
0.00
0.04
0.00
0.00
0.00
0.00
Control
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
Total
90.50
0.00
0.00
90.50
4.03
0.00
0.00
4.03
)Points


Pb was the main contributor to the HI values (Pb > Cu > Zn) for both child- ren and adults in the study area (Table 6). This is consistent with previous re- search that has identified lead as a potentially toxic element in soil and has sug- gested that it may pose a risk to human health through various routes of expo- sure, including through contact with soil (Canfield et al., 2003). In addition, our results showed that the HI values for Cu and Zn were higher at certain sampling points for children. Copper and zinc have also been identified as potentially tox- ic to humans in certain circumstances, and previous research has suggested that they may pose a risk to human health through soil exposure (Budryn et al., 2016).
It is worth noting that the HI values for Pb were higher than 1 at 14 sampling points for children and 2 sampling points for adults. This suggests that the con- centration of lead in the soil at these locations may pose a particularly significant health risk to children and adults in the study area. Further research is needed to fully understand the potential health impacts of these exposures and to deter- mine appropriate strategies for minimizing these risks.
It is also important to consider the potential long-term health impacts of heavy metal exposure in the Ihwrekreka community. Previous research has sug- gested that chronic exposure to heavy metals, particularly during early life, may lead to a range of negative health outcomes, including developmental delays, reduced cognitive function, and increased risk of certain diseases (e.g. cardi- ovascular disease, diabetes) later in life (Nriagu et al., 1996). Further research is needed to determine the long-term health impacts of heavy metal exposure in the Ihwrekreka community and to identify appropriate interventions to minim- ize these risks.
3.3.2. [bookmark: 3.3.2._Cancer_Risk_Assessment]Cancer Risk Assessment
Cancer risks analysis in this study suggest that the levels of Ni, Cr, and Cd in the oil-polluted site pose a potential risk to human health, particularly for children. The most significant concerns were at sampling points P3 and P8, which had high cancer risk values 3.5E−2 (Figure 9). It is important to implement controls to reduce the release of these metals into the environment and to clean up con- taminated sites in order to minimize the potential health risks associated with exposure to these metals. The levels of Ni, Cr, and Cd in the oil-polluted site may also pose a risk to adult health. The high cancer risk values (Figure 10) at all of the sampling points (P1 to P17) suggest that there is a significant concern with regard to the potential health effects of these metals. It is important to take steps to minimize exposure to these metals in order to reduce the risk of adverse health effects. This may include implementing controls to reduce the release of these metals into the environment and cleaning up contaminated sites. It is also important to continue monitoring the levels of these metals in the environment over time to ensure that they are not posing a continued risk to human health.
These findings indicated that the release of Ni, Cr, and Cd from the oil-polluted site may pose a risk to human health and the environment, particularly if the


[image: ]
[bookmark: _bookmark13]Figure 9. Predicted cancer risk values for children living within the study area.
[image: ]
[bookmark: _bookmark14]Figure 10. Predicted cancer risk values for adult’s resident within the study area.


concentrations of exposure are high (Lu & Wang, 2014b). Previous research has indicated that exposure to high concentrations of these metals can cause a series of adverse health impacts, including respiratory problems, neurological disord- ers, and cancer (Ohiagu et al., 2022; Budi et al., 2024). For example, the study by Lu and Wang (2014a) found that high levels of Ni in soil can lead to respiratory problems in humans, including asthma and bronchitis. Another study by Ha et al. (2012) found that exposure to high concentrations of Cr in drinking water was associated with an increased risk of stomach cancer. Similarly, the study by Nriagu (1989) found that exposure to high levels of Cd can lead to kidney dam- age and an elevated cancer risks.
It is important to mentioned that these metals may be present in the oil itself or in the materials and products employed in the extraction, transportation, and processing of the oil (Wang, Liu, & Zhang, 2013a). The potential for exposure to these metals through soil, water, or air contamination may depend on the spe- cific circumstances of the oil-polluted site and the activities occurring at the study site (Okonofua et al., 2023). For example, if the oil-polluted site is located near a residential area, the potential for exposure to these metals through air contamination may be higher than if the study location is located in a more re- mote area.
This study results highlighted the need for further research to fully under- stand the potential impacts of Ni, Cr, and Cd from oil-polluted sites on human health and the environment, and to identify appropriate strategies for minimiz- ing these risks. This may include measures such as regular monitoring of metal concentrations in soil, water, and air in the study site, and the implementation of appropriate remediation techniques to reduce the levels of these metals in the environment (Wang et al., 2022).
To reduce the risks related to Ni, Cr, and Cd in an oil-polluted site, it is im- portant to identify the sources of heavy metals and implement strategies to re- duce the release of heavy metals from the site (Chris et al., 2023). This may in- volve a blend of efforts to reduce materials and products that contain these met- als, to properly store and transport oil and oil-related products, and to remediate contaminated soil and water (Silva et al., 2022). In addition, it is necessary to regularly monitor metal levels in the environment and implement appropriate remediation techniques to reduce the heavy metal concentrations in the envi- ronment.
There are a number of different approaches that could be applied to remediate contaminated soil and water, depending on the specific circumstances of the site and the nature of the contamination (Grifoni et al., 2022). Some common ap- proaches include physical removal of contaminant environmental media, chem- ical treatment to neutralize or remove the contaminants, and biological treat- ment using microorganisms to break down the contaminants (Mahesh et al., 2022). It is important to carefully consider the potential impacts of these remed- iation techniques on human health and the environment, and to choose the ap- proach that is most appropriate for the specific circumstances of the site (ur


Rehman et al., 2023).

4. [bookmark: 4._Conclusion]Conclusion
In conclusion, the study results indicated that the release of Ni, Cr, and Cd from an oil-polluted site may pose a peril to human health and the environment. Fur- ther investigation is required to fully understand the potential impacts of these metals and to identify appropriate strategies for minimizing these risks. This may include measures such as regular monitoring of metal levels in the envi- ronment and the implementation of appropriate remediation techniques to re- duce the heavy metals concentrations in the environment (Shen et al., 2022). It is important to carefully consider the potential dangers associated with exposure to Ni, Cr, and Cd in the context of the specific circumstances of the oil-polluted site and the activities occurring in the area, and to take steps to minimize the poten- tial for exposure to these metals.
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