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ARTICLE INFORMATION ABSTRACT

Groundwater is the largest reservoir of drinkable water, accounting for approximately
Submitted |8 Oct. 2024 22% of the world’s fr.esh\‘vater. Howeve.r, regular .crude oil spills have resulted .in severe
Revised 31 Jan. 2025 groundwater contamination by Polycyclic Aromatic Hydrocarbons (PAHs), which harm
Accepted 03 Feb. 2025 human health and the environment. This investigated the presence and concentration
of PAHs in groundwater in Ibelebiri in Ogbia, Bayelsa State, Nigeria, following an oil spill,
to determine contamination pathways and potential consequences. Soil samples were

Keywor'ds: taken from three locations (L;, L,, L3) and three depths (topsoil, subsoil, and aquifer)
Contaminants and examined for PAHs such as Naphthalene, Acenaphthene, Fluorene, Pyrene,
Groundwater Anthracene, and Benzo(a)anthracene. Laboratory results found that Naphthalene had
PAHSs 0 the highest concentration in all samples, particularly topsoil, whereas heavier PAHs such
Crude oil spill

as Pyrene and Anthracene had lower quantities, notably in aquifer samples. The Leach
Pollution Index (LPI) ranged from 81,199.25 to 83,374.10, indicating a high level of
contamination potential. Statistical analysis using ANOVA revealed significant variation
in the concentrations of lighter PAHs such as Naphthalene (P-value = 0.00059193) and
Fluorene (P-value = 0.002376112) between soil layers, while heavier PAHs such as
Pyrene (P-value = 0.969122843), Anthracene (P-value = 0.984906863), and
Benzo(a)anthracene (P-value = 0.358155023) showed no significant differences across
the samples. The findings underline the necessity for focused remediation measures to
mitigate groundwater contamination while safeguarding public health and environmental

Leach pollution index

quality.

© 2024 Faculty of Engineering, University of Maiduguri, Nigeria. All rights reserved.

1.0 Introduction

Water is a basic necessity and is the most vital resource of survival for all God’s creations so it must be made
available as fresh, clean and pure water to keep people alive and healthy when consumed, meaning that fresh
and clean water is a critical issue globally, as the population increases (ljaola, et al, 2013; Oyinloye and Jegede,
2004; Sanda et al., 2022). The groundwater is the largest reservoir of drinkable water and due to the natural
filtration, which is less contaminated as compared to surface water. Groundwater being a vital component of
the global water cycle, accounting for approximately 22% of the world's freshwater resources (World Health
Organization, 2018), it serves as a primary source of water for human consumption, agriculture, industry, and
ecosystems, supporting human health, economic development, and environmental sustainability due to its long
retention time and natural filtration capacity of aquifers. (National Research Council, 2015). However,
groundwater quality is threatened by various contaminants which are both inorganic and organic. Some of the
organic contaminants according to ljaola and Sangodoying, (2020) are generated from the Petroleum and
Pharmaceutical industries are seen among others as major contributors of organic contaminants because of
continuous usage. The petroleum industrial affluents, namely the Produced water and crude oil spills, are the
major sources of pollutants generated by the petroleum industry (ljaola and Sangodoying, 2020; ljaocla and
Sangodoying 2021). The crude oil spill generates an organic contaminant like Polycyclic Aromatic
Hydrocarbons (PAHSs), which pose significant risks to human health and the environment (Agency for Toxic
Substances and Disease Registry, 2019) among many other contaminants. PAHs are a group of organic
compounds consisting of two or more fused aromatic rings, formed during incomplete combustion of organic
matter, such as fossil fuels, wood, and tobacco (Smith, 2020). (PAHs) are ubiquitous environmental pollutants
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that pose significant risks to human health and the ecosystem (WHO, 2019; ljaola and Sangodoying, 2020;
ljaola and Sangodoying; 2021). PAHs can contaminate groundwater through various pathways, including
industrial activities, agricultural runoff, and crude oil spills (Doe & Amadi, 2019). Among the myriad
contaminants of concern, PAHs stand out as particularly nefarious due to their persistence, toxicity, and
carcinogenic potential (Osuji et al, 2015). Resistant to natural degradation, they readily accumulate in
organisms, posing a significant threat to aquatic life and potentially entering the food chain, impacting human
health indirectly (Ogwo et al, 2019; ljaola and Sangodoying, 2020). They are known to be carcinogenic,
mutagenic, and teratogenic, causing harmful health effects, including cancer, reproductive issues, and
developmental problems (World Health Organization, 2018, Boonpragob et al,, 2019; ljaola and Sangodoying,
2020). Crude oil spillage, a common occurrence in oil-producing regions like Ogbia, Nigeria, can lead to PAHs
contamination of groundwater (Osuji, 2015). Leached crude oil can migrate into groundwater, releasing PAHs
and other toxic compounds (Adeniyi, 2018) which can infiltrate soil and aquifers, releasing PAHSs into
groundwater.

Nigeria, with its rich oil reserves, faces severe environmental challenges due to oil spillage (NNPC, 2020). The
Niger Delta region, where Ogbia is located, has experienced frequent crude oil spills due to oil exploration
and production activities (Nwankwoala et al, 2017). This has resulted in widespread environmental
degradation and health concerns including groundwater pollution (Amadi & Smith, 2017; Kumar,2017).
Frequent oil spills, a chronic issue plaguing the Niger Delta, originate from a multitude of sources including
pipelines, storage facilities, and exploration activities. These spills unleash a toxic cocktail of contaminants,
ranging from hydrocarbons and heavy metals to Polycyclic Aromatic Hydrocarbons (PAHSs). The immediate
damage is such serious that it affects both plants and animals. However, the true cost goes far beyond the
initial impact, leaving a legacy of polluted soil and groundwater that jeopardizes the environment and its people’'
long-term well-being (Abdel-Shafy & Mansour, 2016). Polluted water does not impair people's health
immediately, but it can be deadly over time. (Sanda et al., 2022). Water pollution affects drinking water, rivers,
lakes, and oceans all around the world, putting human health and the ecology at danger. (Gambhir et al, 2012).
Shallow water tables and permeable aquifers characterize the region's hydrogeology, increases the vulnerability
of groundwater to contamination (Doe Amadi, 2019). Despite efforts to clean up oil spills, PAHs persist in
the environment, posing long-term risks to human health and ecosystems (Agency for Toxic Substances and
Disease Registry, 2019). PAHs persistence is in line with the scholars who have indicated that the recent
problems in water treatment originate primarily from the increasing pollution of water by an organic
compound that is difficult to decompose biologically because these substances resist the self-purification
capabilities of the rivers as well as decomposition in conventional wastewater treatment plants (Ademiluyi et
al., 2009; Olafadehan and Aribike, 2000; Ogunlowo and Sakwe, 2023). Therefore, PAHs persistence with
carcinogenic properties consequence has raised alarming concerns about the direct risks associated with long-
term exposure through contaminated groundwater sources (Boonpragob et al., 2019, Ogunlowo,2022). While
complete prevention remains the ultimate goal, in the face of existing spills, remediation efforts play a crucial
role in mitigating the damage. A diverse range of techniques, from bioremediation to pump-and-treat methods,
are employed to remove or contain spilled oil and its associated contaminants. However, the effectiveness of
these interventions varies greatly depending on factors like the nature of the spill, environmental conditions,
and implementation strategies (Osuji, 2015). Understanding their true impact on PAH leaching is critical for
optimizing remediation strategies and safeguarding groundwater quality.

Previous studies have investigated PAHs contamination in soil and water like PAHSs in the drinking water of
counties along the Huai River in China which reveals PAHs associations with high cancer incidence (Enchun
et al., 2015), their epidemiological studies revealed that when professional are exposed to PAHs they are
associated with many kinds of cancers (Eom, et al., 2013, Mastrangelo et al., 1996; Tsay et al., 2013 ), and PAHs
are listed as priority pollutants by the United States Environmental Protection Agency (US EPA) due to crude
oil spillage in the Niger Delta region (Osuiji, 2015; Nwankwoala et al., 2017). Despite the risks, limited studies
have investigated PAHs contamination in groundwater with leached crude oil in Ogbia, Nigeria. So,
understanding the extent and impact of PAHs contamination in groundwater is crucial for developing effective
mitigation strategies, protecting human health, and preserving environmental quality. This study will contribute
to the existing body of knowledge on groundwater contamination by PAHs, providing valuable insights for
policymakers, researchers, and stakeholders with the aims of assessing the pathways, the presence and
concentration of leached Polycyclic Aromatic Hydrocarbons (PAHs), a contaminant from oil spills into the
groundwater; the potential environmental and health impacts, with PAHs by comparing with USEPA standards
and comparing the risk level of samples taking from polluted site with control using (a) statistical inferences
such as ANOVA and Leached Pollution Index (LPI).
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2, Materials and Methods

2.1 Study Area

The study was conducted in Ibelebiri, Bayelsa state. Ibelebiri is a small community located in Ogbia Local
Government Area of Bayelsa State; between latitude 4°55’51.457"N and Longitude 6°24’54.80352"E, Nigeria.
Historically, the area is part of the larger ljaw ethnic group, which is indigenous to the Niger Delta region.
The community, like many others in Bayelsa, has a rich cultural heritage tied to fishing, farming, and trading,
with a strong reliance on the natural environment for sustenance. Bayelsa State, created in 1996, was part of
the old Rivers State before the restructuring. Ibelebiri has been significantly impacted by oil exploration, which
began in the Niger Delta in the 1950s. This led to environmental challenges, including oil spills and pollution,
affecting the local ecosystem and traditional livelihoods. Despite these challenges, Ibelebiri remains a close-
knit community with deep cultural roots, actively involved in preserving its traditions and seeking sustainable
development amidst the complexities of modern industrial activities.

Ibelebiri

Otuasiga

o

© mapbox
Ibelebiri
Village

Platel: Sub-Surface sampled area Plate2: GPS Coordinate of Ibelebiri Twon

2.2 Sample collection

Within the research area, a network of three bore holes provided samples for collection. Using a hand shovel
and a trowel, soil samples were taken from three locations surrounding the spill area. The first sample in the
spill area, locations | and 2 were taken from the spill site across the river in the direction of latitude 4°56 N
and longitude 6°25 E. Latitude 4°57 N, longitude 6°25 E, in the direction of the second sample in the spill area.
The control was taken within the residents of the community with the direction of latitude 4°55N and
longitude 6°25E. In order to comprehend the vertical distribution of contaminants, samples were obtained at
three different depths. Three levels of soil were sampled at each location. The top soil, which was gathered
at each location using a hand trowel. A second sample was obtained at each location at a depth of 0.3 meters
through hand auger. The third sample was taken at 0.9 meters through hand auger in each location. Materials
utilized in this research include: hand auger, shovel, trowel, polythene bag, amber bottles, personal protective
equipment’s, cooler and ice packs. 2g of sample was weighed into a clean extraction container. 20ml| of
extraction solvent (hexane) was added into the sample, mixed thoroughly and allowed to settle. The mixture
was carefully filtered into solvent-rinsed extraction bottles using filter paper fitted into Buchner funnels. The
extracts were concentrated to 2ml and then transferred for clean- up/separation

23 Laboratory Procedure for PAH Analysis

The laboratory procedure for Polycyclic Aromatic Hydrocarbon (PAH) analysis involves the extraction of
PAHSs from soil and water samples, followed by clean-up/separation, and finally gas chromatographic analysis
to identify and quantify the PAH compounds, as previously described (ljaola and Sangodoyin, 2020).
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2.4 Statistical Analysis

To further determine the differences among the mean variation of tested contaminants by PAHs. The ANOVA
analysis for each PAH was conducted to determine whether there were statistically significant differences
between the concentrations of PAHSs at different depths (S|, Sy, and S3) across locations. For most PAHs,
significant variations were observed between locations but not always between soil layers, indicating that
spatial variability is a more significant factor than depth.

2.5 Leach Pollution Index (LPI)

The LPI measures the possibility of leachate contamination in a specific area. It is a single number ranging from
5 to 100 (Simeon and Ayotamuno, 2022) that provides critical insight into the contamination potential of the
soil to leach poisonous substances into groundwater. It is an increasing scale index; the higher value means a
poor environmental condition, with a standard LPI value of 7.37 (Kumar and Alappat, 2003, Churchill and
Ogunlowo, 2022). The Leach Pollution Index (LPI) is calculated using equation | and equation 2 as the LPI
(leaching pollution index) using WHO'’s Standard values for groundwater quality.

Lp] = LD |
>wi
where Wi is the weight assigned to i-th parameter

Pi is the sub-index for the i-th parameter, calculated as:
observed value

Pi= ———x 100 2

standard Value

The Wi should be Sum to I.

3. Results and Discussion
3.1 Comparison of PAHs concentrations between sample Locations and Pathways

Table I: PAHs concentration between soil samples

Location Naphthalene Acenaphthene Fluorene Pyrene Anthracene Benzo(a)anthracene
PPM PPM PPM PPM PPM PPM

LiS 1.265 0.0543 0.0368 0.041 0.0325 0.0027
LSz 1.245 0.0469 0.0376 0.026 0.071 0.0387
Li Ss 1.0502 0.0371 0.0048 0.0056  0.0037 0.0052
LS, 1.342 0.0288 0.0236 0.012 0.064 0.048
LoS2 1.289 0.0385 0.0397 0.045 0.034 0.028
L>S; 1.05 0.0382 0.005 0.0082 0.017 0.0074
LS, 1.258 0.0384 0.0397 0.024 0.062 0.061
LS, 1.267 0.0369 0.0397 0.034 0.045 0.055
LsS; 1.056 0.0176 0.0065 0.0095 0.0068 0.0042

Note: L;S| — Location A sample I, L;S; — Location A sample 2, LS3 - Location A sample 3  L,S,— Location B
sample |, L,S; — Location B sample 2, L,S3- Location B sample 3, L3S, — Location C sample I, L3S; — Location
C sample 2, L3S;- Location C sample 3.: Where SI= TOP SOIL, S2 = SUB-SOIL, S3= WATER. L3= Control,
L1= first site of pollution, L2= second site of pollution

In Table | and Figs (1-3), the concentrations of various PAHSs, including Naphthalene, Acenaphthene, Fluorene,
Pyrene, Anthracene, and Benzo(a)anthracene, measured in parts per million (PPM) is presented. Naphthalene
consistently showed the highest concentrations across all samples, while Benzo(a)anthracene had the lowest
concentrations Naphthalene levels were highest in the topsoil at all locations, with Location | (L;S) at 1.265
PPM and Location 2 (L2Si) at 1.342 PPM. These quantities indicate significant pollution, most likely owing to
surface oil spills, whereas aquifer samples had the lowest Naphthalene concentrations, with L;S; at 1.0502
PPM. Acenaphthene levels followed a similar trend, with the highest concentrations found in topsoil (L|S;:
0.0543 PPM) and a steady reduction from topsoil to an aquifer. Fluorene levels varied, with the subsoil in
Location 2 having a higher concentration (0.0397 PPM) than the other strata, indicating a potential
accumulating effect in this layer. The other PAHs, Pyrene, Anthracene, and Benzo(a)anthracene generally
showed lower concentrations, though Pyrene and Benzo(a)anthracene were somewhat more prevalent in the
subsoil. Overall, the data indicate that the topsoil is the most contaminated layer for PAHs, followed by the
subsoil, with the aquifer displaying the least contamination. The data acquired from the study of PAH
concentrations in soil samples gives useful information about the behavior of these pollutants in various soil
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layers. PAH concentrations are higher in topsoil (SI) than in subsoil (52) and aquifer (S3) layers, indicating that
PAHs are more likely to accumulate near the surface due to limited vertical mobility. This can be attributed
to the hydrophobic nature of PAHs, which often leads to their adsorption onto organic matter in the soil,
particularly in the upper layers where organic content is higher, which agrees with (Patel et al.,2020)that found
that the PAHs deposition is accelerated in the soil/sediments because of their higher hydrophobicity and low
aqueous solubility, further, buttressed by the discovery of (Jesus et al., 2020) that PAHs tend to accumulate
in the sediment due to higher hydrophobicity. This then account for the lower PAH concentrations in the
aquifer layer indicate that PAH migration to groundwater may be limited, due to high filtration capacity of the
soil, though some contamination is still present, which agrees with (Chen et al,, 2022). Naphthalene, the lightest
PAH analyzed in this study, showed consistently higher concentrations across all samples, particularly in the
topsoil. This also shows that the lighter the contaminants the higher the mobility, it then reveled the lighter
PAHs like Naphthalene leach more easily compared to heavier PAHs, explaining their greater prevalence in
the samples.
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E 12+ I Acenaphthene
B I = I Fluorene
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Figure 1: Comparison of PAHs Pollutant Figure 2: Comparison of PAHs Pollutant
Between the Crude Oil Spills Polluted Area and Between the Crude Oil Spills Polluted Area and
Control at the Top-soil Control at the Sub-soil
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Figure 3: Comparison of PAHs Pollutant Between the Crude
Oil Spills Polluted Area and Control at the aquifer
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3.2 Comparison analysis of PAHs pathway within each sampled location with USEPA and
Statistical Deductions

Table 2: Mean Values of PAHs concentration within each sampled Locations compared with USEPA Standard
and Statistical inferences

Contaminants LI L2 L3 USEPA P-value (soils) P-value (water)
Naphthalene 1.187 1.227 1.194 0.0001 0.229335759 0.00059193
Acenaphthene 0.046 0.0352 0.031 0.0001 0.196707245 0.371481776
Fluorene 0.026 0.023 0.029 0.0002 0.427450803 0.002376112
Pyrene 0.024 0.022 0.023 0.0002 0.969122843 0.118947763
Anthracene 0.036 0.038 0.038 0.0002 0.984906863 0.080976903
Benzo(a)anthracene  0.016 0.028 0.040 0.0002 0.358155023 0.141269761

Table 2 shows the mean concentrations of each PAHs considered within the pathway of each location in
comparison to United State Environmental Protection Agency (USEPA) guidelines for PAHs in groundwater.
The monitored values were also compared using statistical inferences. From the table 2 all tested PAHs in
comparison with standards revealed multiple acceptable limit violations, Naphthalene has the highest
concentration levels of (1.187-1.227) ppm when compared to the others PAHs compounds indicating potential
petroleum-related contamination. Acenaphthene, Fluorene, and Pyrene have relatively low concentration
levels ranging from (0.046-0.031,0.029-0.023 and 0.022-0.024) ppm respectively suggesting minimal impact
from these compounds, while Anthracene and Benzo(a)anthracene show varying concentration levels across
sampling locations, indicating potential multiple contamination sources.

The ANOVA results in table 2 (P-value = 0.229335759, P-value > 0.05) confirm that significant differences
exist in Naphthalene concentrations between soil layers, with topsoil samples exhibiting the highest levels. For
heavier PAHs such as Pyrene, Anthracene, and Benzo(a)anthracene, the concentrations were much lower
across all samples, particularly in the aquifer layers. These PAHs have lower solubility and higher affinity for
adsorption onto soil particles, which explains their limited vertical migration. The relatively low concentrations
of these compounds in the subsoil and aquifer indicate that they pose less risk of groundwater contamination
compared to lighter PAHs like Naphthalene. Also, the ANOVA results for these compounds; Pyrene (P-value
= 0.969122843which is >0.05), Anthracene (P-value = 0.984906863which is >0.05), and Benzo(a)anthracene
(P-value = 0.358155023which is > 0.05) showed a significant difference (P-value = 0.05) between the samples,
though their concentration indicating consistent low levels in water samples but higher values across the
different soils layers as indicated in Table 2. Fluorene concentrations varied between samples, with the subsoil
showing particularly high levels in Location 2, the ANOVA results for Fluorene (P-value = 0.0023761 12 which
is < 0.05) indicated significant differences between the samples, suggesting that Fluorene concentrations vary
notably across soil layers. The highest concentrations of Acenaphthene were again found in the topsoil.
However, the ANOVA results indicated no significant differences between samples (P-value = 0.371481776,
P-value 2 0.05), suggesting that while Acenaphthene levels are elevated, the variation between layers is not
statistically significant. The ANOVA analysis indicated significant differences in contamination levels for several
PAHs across different locations, suggesting notable spatial variability in contamination. This finding means; the
sources of contamination may be localized, with certain areas experiencing higher concentrations of specific
PAHs. In contrast, the differences between soil layers were less pronounced for most PAHs, indicating that
the depth of soil has a limited impact on the variation in PAH concentrations. This suggests that while the
topsoil is generally more contaminated, other factors, such as local environmental conditions or historical
contamination events, may play a more significant role in influencing PAH levels than soil depth alone.

3.3 Leach Pollution Index and Contamination Assessment

The Leach Pollution Index (LPI) provides critical insight into the contamination potential of the soil to
leach hazardous substances into groundwater. The LPI values of the samples for the three locations ranged
from 81,199.25 to 83,374.10 as shown in Table 3, with the highest value at Location | and the lowest in
Location 3. This index reflects the potential risk of PAH contaminants being leached from the soil into the
aquifer and eventually affecting groundwater quality. This was achieved using the USEPA standard values for
groundwater quality.
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Table 3: Leach pollution index

Location Leach Pollution Index (LPI)
A 83374.10
B 81460.87
C (Control) 81199.25

To evaluate the significance of these LPI values, it is essential to compare them to standard threshold values
established for soil contamination assessments. According to environmental standards, the acceptable LPI
threshold for hazardous leachates is 7,500. Any value above this indicates a potential risk for contaminant
migration into groundwater sources (Ogbozor et al, 2015). In this study, all recorded LPI values significantly
exceed the standard threshold, with the lowest being 81,199.25 and the highest reaching 83,374.10. These
values are higher than the standard, implying a severe contamination risk across all locations. The high LPI
values suggest that the soil in the studied locations, particularly the topsoil and subsoil, has a high potential for
contaminant migration, primarily driven by the presence of PAHs. This poses a significant risk of groundwater
pollution, especially in areas where crude oil spills have heavily impacted the environment. The highest LPI
value at Location | (83,374.10) suggests that this area has the greatest leaching potential, likely because of
higher concentrations of PAHSs in the topsoil and subsoil that may be as a result to closer proximity to the
spill site or other factors such as soil type and permeability. Conversely, while Location 3 has the lowest LPI
(81,199.25), it still presents a considerable risk as the value remains far above the standard threshold.

3.4 Implications for Groundwater Quality

The presence of PAHSs in aquifer samples, even at lower amounts than in topsoil, raises concerns about
groundwater quality. While the data demonstrate limited vertical migration, the presence of PAHs in
groundwater samples suggests that there is still a possibility of PAH contamination in drinking water sources,
which will definitely have negative effect on human health over time when consumed. This emphasizes the
need for ongoing monitoring, and possibly remediation activities to prevent future contamination.

4. Conclusion

This study found considerable contamination by Polycyclic Aromatic Hydrocarbons (PAHs) the in the topsoil
(S1) and moderate in the subsoil (S2) and aquifer layers (S3). Naphthalene had the highest quantities, indicating
mobility, whereas heavier PAHs such as pyrene and anthracene had lower concentrations due to their low
solubility and stronger affinity for soil. The Leach Pollution Index confirmed significant pollution in all areas.
Despite the comparatively low PAH concentrations in groundwater, there is a current concern that warrants
additional investigation.
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