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Abstract

This study critically investigates the risk of hydrocarbon activities linked to exploration,
extraction, transportation, storage, andreiated waste disposal on groundwater quality in Niger
Delta Region (NDR) of Nigeria. Using a multiceted approachnvolving geospatial risk
mapping, insitu contamination analysis, and groundwater flow modelling, the research provides
a comprehensive evaluation of hydrocarbon contamination risks. A spatfo@ayreceptor (S

P-R) risk framework was developed, integngtil4 thematic layers such as spill volume, proximity

to pipelines and wells, precipitation, and population density, to delineate contamination zones.
Approximately 16% of the NDR was categorised as moderate to high risk, withmigkgtones
predominantlyspanning the central delta. Investigations in Rivers and Imo states, identified as
hydrocarbon hotspots, revealed that hydrocarbon concentrations, incliedaigpetroleum
hydrocarbons TPH), total hydrocarbonsTHC), extractable petroleunydrocarbons EPH),
polycyclic aromatic hydrocarbon®AHs), benzenetolueneethylbenzeneylene BTEX), and
benzene, exceeded national and global permissible limits by several orders of magnitude. Elevated
contamination levels were observed in southeastern aeféas area under focus (Imo and Rivers
states) driven by the shallow water table, heterogeneous lithology, and highly porous subsurface
materials, emphasizing the need for targeted remediation. Groundwater flow modelling using
MODFLOW and MODPAH indicated that contamination from oil spills is spatially localised,
with limited vertical migration in aquifers. Backward particle tracking showed that deep
groundwater sources (~250 m) remain largely unaffected by shallow contamination, suggesting
their viability for safe water abstraction in affected regiofise dissolved phase of hydrocarbon
contaminants can be readily transported with groundwater without any visible physical indicators,
yet it poses significant risks to human health due to its patdn contaminate water supplies.

The dissolved phase can persist in the environment for extended periods and may accumulate in
certain areas, leading to logrm contamination risksaltering water quality and impacting
aquatic life This can have devastating impacts on human health, particularly if groundwater is
used for drinking or agricultural purpos¥&ghile the dissolved phase was not explicitly modelled,
advective flow patterns suggest minimal rigksdeeper aquiferddowever, it is important to
consider the potential impacts on shallower aquifers and surface water bodies, which may be more
susceptible to contaminatiofhese findings provide critical insights into the spatial and vertical
extent of hydrocarbon contamination and highlight priority areas for remediation and groundwater
protection. By advancing the understandintighft nonaqueous phase liqui@isNAPL) transport
dynamics in deltaic aquifers and offering a structured risk assessment framework, this study
contributes valuable toofsr assssing groundwater contamination inpibducing regions. The
framework also has broader applicability for sustainably managing groundwater in similar
hydrocarborrich, ecologically sensitive environments globally.

Keywords: Risk assessment, sourpathwayreceptor (SP-R) model,Niger Delta, groundwater
flow modelling, Light NorAqueous Phase Liquids (LNAPLS).
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Chapter 1: |l nt roducti on

1l ntroducti on

1.1 I ntroduction/ Research Context

Globally, hydrocarbon contamination from oil and gas sector act@itiesluding exploration,
refining, storage, transportation, utilization and dispdséks raised significant environmental

and human health concerigatoufi et al. et al., 2020; Ite et al., 2013; Waqgar, 20Z4)s issue is
particularly pressing in ofproducing deltaic environments, which have unique characteristics:
highly porous media, low slope angles, fluctuating water levels, and dense populations situated
near river{Adeola et al., 2022; Atoufi et al. et al., 2020; Waqar, 208¢irocarbons are organic
chemical compounds primarily composed of hydrogen and carbon atoms, often derived from crude
oil, petroleum products, or natural gas. When released into the environment, hydrocarbons can
exist as NorAqueous Phase Liquids (NAPLsYyhich are immiscible with water, meaning they do

not dissolve easily into groundwater and instead form a separate liquid(bbhame, 2019)

Thus, a primary source of concern is Ndgueous Phase Liquids (NAPLS), a mixture of organic
compounds that are initially immiscible but gradually dissolve into water, exhibiting varied
viscosities and densities thaamplicate their behavim and toxicity(Li et al., 2024; Philippe et

al., 2020; Yin et al., 2023NAPLs are categorized into Light and Dense NAPLs (LNAPLs and
DNAPLS) based on their density and interactions with water. LNAPLSs, which include Polycyclic
Aromatic Hydrocarbons (PAHS), are of particular concern due to their hydrophobicity, mutagenic
propeties, and known carcinogenic effe¢fbdelShafy & Mansour, 2016; Ismail, 2023; Ismail

et al., 2023; Lu et al., 2017; Mineo et al., 202R)deltaic areas, LNAPLs often dissolve below
the water table and flow along with groundwater, presenting a direct risk of contamination for
shallow wells and boreholéRivett et al., 2014)

Human exposure to hydrocarbons can occur through various pathways, including ingestion,
inhalation, and dermal conta¢AbdelShafy & Mansour, 2016; Ifegwu & Anyakora, 2015;
Kuppusamy et al., 2020; Tormoehlen et al., 2014; UNEP, 2QNEP (2011)also identified
multiple exposure media, such as air, surface and groundwater, soil, sediments, aquatic species,
and agricultural products. Despite these known risks, Snowden (2012) observed an insufficiency
of data for predicting oil spills and undersiary their longterm impacts on the environment and
human health, noting that most studies focus on 4bort effectsMeanwhile, several authors
(Peterson et al., 2012; Peterson et al., 2003; Tormoehlen et al.,li2§iphted that longerm
impacts of oil spills could be even more damaging. Comparisortisdnch (2007) Snowden

(1993) McLusky and McLusky (1989)Snowden and Ekweozor (1990gtween deltas and
estuaries affected by oil activities underscore the limited understanding of these activities'
environmental impacts. Additionally, several researcfiaapworth et al., 2012; Pal et al., 2010;
Sorensen et al., 201Have emphasized the need for more focused research on the effects of
organic contaminants on groundwater.
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Research on deltaic environments has shown that specific features of these regions can facilitate
the transport and dissolution of LNAPLSs in groundwater, yet studies addressing these peculiarities
remain limited, especially as LNAPLs are quite com§laaqgar, 2024)

In oil-producing deltaic regions like the Niger Delta, assessing the risks of hydrocarbon
contamination is essential for protecting groundwater resources and ecosystems. The Source
PathwayReceptor (8P-R) model provides a critical framework for this assesnt, particularly

in areas with frequent point sources of spills, such as oil wells, pipelines, and storage facilities. By
leveraging data on these sources, HieFSmodel enables a comprehensive analysis of Light Non
Aqueous Phase Liquids (LNAPL) moibyl and migration, helping us understand how these
contaminants interact with the unique physical attributes, hydrogeology, and hydraulics of deltaic
landscapes.

This model allows us to identify pathways and contaminant transport routes by examining the
interactions between LNAPL properties and the subsurface conditions specific to the Niger Delta.
Such detailed assessments are crucial for pinpointingrisghzores and understanding the
potential for groundwater contamination. Additionally, receptor mag@punging census data and
global population modedsenhances the robustness of these risk assessments by identifying
vulnerable populations and ecosystems thatrarst at risk.

However, regionaiisk assessments alone a enoughWhile they can identify areas of concern,
they often failto provide insight intdhe magnitudef contamination. It is essentil go beyond
these broad assessments to evaltlseseverity, extenand magnitude of contaminatioisks
within the identifiedareas This deeper understanding is critical for developing effective mitigation
strategies

Assessingor screening every tube well or argadetail may notbe feasible, which is where
modeling comes in. By using models, eancharacterize riskatavery detailed levelrevealing

likely pathwaysfor groundwater contaminationiThese models can also simulatetigation
strategies, providing valuable insights into how contaminai@ganbemanaged and reduced. With

data specific to the Niger Delta, modeling becomes an invaluable tool for understanding and
addressing contamination riskstire region.

This approach fills a significant gap in our current understanding of hydrocarbon contamination
risks in deltaic regions. By integrating detailed hydrogeological data with LNAPL beinarid
receptor vulnerability, we can develop more accurate and cespextfic risk assessments. This

not only advancethefield of environmental risk assessment but also provides practical tools for
policymakers and stakeholders to manage and mitigate contamination risks in the Niger Delta and
similar regions worldwideTherefore, there is dineeedfor a systematic study which integrate

these various components towards assessing the risk impact of contamination from hydrocarbon
related activities within the NDR.

16



Hydrocarbon contamination of groundwater is increasingly prevalent, and many researchers
(Nadim et al., 2000; Shih et al., 2008l for the characterization of individual hydrocarbon
components to accurately model and understand their environmental impact, especially in deltas
as they are reported to have high population densitiedNdsr (2024) Understanohg the
complexity of hydrocarbon behawioin groundwater systems is essential to develop effective
mitigation and management strategies. A thoroagmprehensiorof contaminant transport
mechanisms within the subsurface, and a comprehensive risk assessment approach, are crucial for
protecting groundwater resources in hydrocasimopacted regions. This, however, can be quite
challenging, in oHproducing deltaic @&as that are physically inaccessible due to various reasons
such as terrain chalhges and insecurity ami@mand for integrated approaches tlaatreliable

and accurate

Therefore, the resulting overarching research
the integration of limited field observatisand augmented geospatial dateelectively utilised

to characterise -B-R of hydrocarbon contamination for spatial scale risk assessment in deltaic
settings?0o

1.2 Aim and Objectives

This research aims to develop a framework for assessing the risk of groundwater contamination
by hydrocarbons in deltaic regions, using Ni
objectives of researd achieve this aim are:

1) Critically review the behavis of Light NonAgueous Phase Liquids (LNAPLs) and the
hydrogeological challenges of deltaic-pioducing regions, with a focus on the Niger Delta.

2) Develop and pply a geospatial risk framework to angdysourcepathwayreceptor (SP-R)
linkages and delineate higisk zones for groundwater contamination in the Niger Delta.

3) Assess hydrocarbon contamination in soil and groundwater ussity idata and benchmark
findings against national and global standards.

4) Model dissolvedgbhase LNAPL transport within regional groundwater flow systems to evaluate
contamination patterns and guide mitigation strategies.

Understanding and managing hydrocarbon contamination-praidlucing deltaic regions, such as

the Niger Delta, requiresnaulti-faceted approach that addresses the complex interactions between
contaminants, hydrogeological conditions, and vulnerable receptors. The first step in this process
is to critically review the behavim of LNAPLs and the unique hydrogeological challenges of the
region. This foundational objective is essential because it provides the necessary context for
understanding how LNAPLs migrate and persist in deltaic environments. By examining the
physical attibutes, hydrogeology, and hydraulics of the Nigeita, we can identify the key
factors that influence contaminant behaviand transport.

17



Building on this understanding, the next objective is to apply a geospatial risk framework to
analyse sourcepathwayreceptor (SP-R) linkages. This framework allows us to integrate data on
contaminant sources, such as oil wells, pipelines, and storage facilities, with detailed
hydrogeological information. By mapping these linkages, we can delineatgiskgiones for
groundwater contamination. This geospatial analysis is crucial for identifying areas where
contaminants are most likely to impact groundwatsources and ecosystems, providing a
targeted approach to risk assessment.

To validate and quantify the risks identified through the geospatial framework, the third objective
focuses on assessing hydrocarbon contamination in soil and groundwater usitug data
obtained from published peesviewed literature. Rather than caeting our own sampling or
laboratory analysis, we leveraged existing data and reports to measure the actual levels of
contamination. This approach ensures that our risk assessments are grounded in empirical evidence
and aligned with established scientificdings. By benchmarking these findings against national

and global standards, we can evaluate the severity and extent of contamination, providing a robust
basis for further analysis.

Finally, to evaluate the potential for contaminant transport and guide mitigation strategies, the
fourth objective involves modeling dissolvptlase LNAPIs dtransport within regional
groundwater flow systems. This modeling effort builds on the data and insights gained from the
previous objectives, simulating how contaminants move through the subsurface environment. By
understanding these transport patterng e@an identify likely pathways for groundwater
contamination and develop targeted mitigation stragegThis modeling approach not only
enhances our understanding of contamination risks but also provides practical tools for managing
and reducing these risks.

Together, these objectives create a comprehensive and interconnected framework for assessing
and managing hydrocarbon contamination risks in the Niger Delta. By critically reviewing
contaminant behaviw, applying a geospatial risk framework, assessingitin data from
published literature, and modeling contaminant transport, we can develop a robust and context
specific understanding of the challenges and solutions related to hydrocarbon contammnation i
deltaic regions. This integrated approach not omlyaaces the field of environmental risk
assessment but also offers practical tools for policymakers and stakeholders to protect groundwater
resources and ecosystems in the Niger Delta and similar regions worldwide.

1.3 Research Approach

This research employs a structured, moléthod approach to tackle the pressing issue of
hydrocarbon contamination risks in the Niger DgltaundwateresourcgFigure 1.1) At the core

of this study is the SourdeathwayReceptor (87-R) model, which serves as anceptual
foundation for integrating various analytical techniques. The research combines geospatial
analysis with imsitu contamination evaluation and numerical modeling to provide a holistic
understanding of the contamination dynamics.
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The geospatial risk framework develop@t appliedn this study synthesizes multiple thematic
layers, including spill site data, hydrogeological features, and population distributions. This
integration allows for the delineation of contamination risk zones, providing a visual and analytical
tool for staleholders to prioritize intervention efforts. Field and laboratory ftata previously
published literature weranalysed to quantify contamination levels in soil and groundwater, with
findings benchmarkedgainst national and global standards. This quantitative assessment is
crucial for understanding the extent and severity of the contamination.

Additionally, the research utilizes groundwater flow and contaminant transport models to simulate
the behaviar of dissolvedphase hydrocarbons within the regional aquifer system. These models
offer valuable insights into potential mitigation strategies, helping to identify areas where
remediation efforts would be most effective. By adopting this rudtihod apprach, the study
provides a comprehensive framework for assessing and managing hydrocarbon contamination
risks, with implications for both local drglobal groundwater management practices.

The findings of this research highlight the urgent need for remediation efforts in the Niger Delta,
where contamination levels exceed national and international standards. The development of a
novel risk assessment framework tailored to deltaic enviroramierd significant contribution,
offering a valuable tool for risk assessment in similar settings. The study underscores the
importance of continuous monitoring, adaptive management practices, and collaboration among
stakeholders to mitigate the risks asated with hydrocarbon contamination in groundwater.

Geospatial Risk Framework
Source-Pathway-Receptor (integrates spill site data,
(S-P-R) Model Foundation hydrogeological features

Multi-Method Approach

and population distribution)

In-Situ Data from Published Benchmarking Against
Literature (Utilises existing Standards (National and Groundwater Flow and
field and laboratory data for s global standards for Contaminant Transport
hydrocarbon contamination hydrocarbon Modelling and Simulation
evaluation) contamination)

Comprehensive Risk

Assessment and
Management Framework

Figure 1. 1. Research Approach.This flow chart illustrates the structured, muitethod
approach adopted in the research, highlighting the integration of various analytical techniques
and the development of a comprehensive risk assessment and management framework.
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14St ructure of t he Thesi s

The Ph.D. thesis is written as a collection of original article publicationssastdictured asix
comprehensivehapterqFigure 12), each addressing a specific objective related to the study of
Light NonAqueous Phase Liquids (LNAPLs) and hydrogeological challenges in deltaic oil
producing regions, with a particular focus on the Niger Déltaffers a comprehensive analysis

of the risk of groundwater contamination from crude oil related activilibs. behaviour of
LNAPLs discharged during oil spill disasters and their effects on groundwater quality in Nigeria's
Niger Delta Region (NDR) are critically examined in this study. By identifying the source
pathwayreceptor connections typical of deltaicvennments, it offers important insights into
regional risk assessment. The study thoroughly examines the environmental impacts of
hydrocarbon actities, that isexploration, production, refining, storage, transportation, utilization
and disposalon groundwater quality in the NDR by integrating worldwide standards for safe
drinking water and allowable hydrocarbon concentrations in soil and water. It further explores the
movement of dissolved hydrocarbons within the groundwater system in the iNDRJer to
determine the extent and severity ofr@lated challenges. The focus of each chapter is highlighted
below:

Chapter 1 provides a foundational overview, detailing the research background, aims, and
approach. Chapter 2 explores global lessons and identifies knowledge gaps in Natural Disaster
Risk Management{NDRM). Chapter 3 delves into a regional risk assessment, applying a
geospatial risk framework tanalysesourcepathwayreceptor linkages and delineate higgk

zones for groundwater contamination. Chapter 4 focuses on assessing the severity of hydrocarbon
contamination in soil and groundwater, utilizingsitu data and benchmarking findings against
national and global standards. Chapter 5 examines hydrocarbon flow dynamics within
groundwater systems, modelling dissohmthseLight Non-Aqueous Phase LiquideiNAPLS)
transport to evaluate contamination patterns and inform mitigation strategies. Finally, Chapter 6
concludes the thesis by sumnsarg key findings, offering recommendations, and discussing the
broader implications of the research.
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Chapter 2:Behaviour of LNAPLs in coastal deltas:
vulnerability and potential exposure pathways via

groundwater in the Niger Delta
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Abstract

Oil spill disasters pose enduring environmental and public health challengesphoduiking
regions, particularly in the Niger Delta, where over 7,000 documented incidents frequently occur
near denselyopulated areas reliant on shallow groundwater. This study employs an iterative
literature review using a hermeneutic approach to critically analyse the behaviour of Light Non
Aqueous Phase Liquids (LNAPLSs) and contextualize their impact in coastal eettas, focus

on the Niger Delta. The findings reveal that LNAPLs in the region exhibit high mobility and
persistence, with their migration and dissolution rates strongly influenced by fluctuating water
tables, diverse topography, and variable geologysé fectors significantly increase groundwater
contamination risks, leading to elevated hydrocarbon exposure among local populations. The
spatial variability of spill density, volume, and type, combined with geological heterogeneity,
underscores the complgx of assessing LNAPL impacts in the Niger Delta. Addressing these
challenges requires advanced tools, including laboratory simulations, contaminant transport
modelling, and geospatial techniques like GIS, to identifypigbrity areas for remediatioBy
integrating these approaches, this study provides a framework for delineatingshigbnes and
guiding targeted cleaup efforts, contributing to improved risk management and environmental
protection in the Niger Delta.

Key words: Niger Delta, Oil spills, Light NorAqueous Phase Liquids (LNAPLS), coastal deltas,
Groundwater contamination, exposure pathways
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Highlights:

1 Synthesized mechanisms of LNAPL migration and groundwater contamination globally.
Identified hydrogeological factors driving aquifer vulnerability in the Niger Delta.
Emphasized contamination risks to drinking water from shallow wells and hand pumps.
Highlighted spatial and temporal gaps in understanding groundwater contamination risks.

1. Introduction

Hydrocarbon contamination, particularly from Light NAgueous Phase Liquids (LNAPLS),
presents a pervasive environmental and public health challenge worldwide. LNAPLS, primarily
derived from oil spills and industrial discharges, are persistent pollutathtshe potential to
severely impact groundwater quality, ecosystems, and human health. This issue is especially
critical in large deltaic regions, such as the Niger Delta (Nigémadzon Delta (Brazil), Orinoco

Delta (Venezuela), and Mackenzie Deltari@ada) where complex hydrogeological systems and
dense populations amplify the risks associated with oil spill contaminddatta & Hurlbert,

2019; Loi et al., 2022; Loucks et al., 2017; Onyena & Sam, 202@)ese regions, contamination
threatens vital water supplies, agriculture, and biodiversity, underscoring the global severity of
LNAPL impacts(Schwarzenbach et al., 2010)

= =4 =
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The Niger Delta epitomizes these global challenges as one of the largest and most densely
populated deltas in the world, with over 30 million inhabitgftes et al., 2013) This region,
characterized by extensive wetlands and rivers, serves as a criticaésooammic hub for Nigeria,
contributing significantly to the nation's economy through oil production. However, the Niger
Del tads dense popul &t andintensive eillexplarationeactiaties ngpkedt u n d w
uniquely vulnerable to LNAPL contamination. Over 7,000 oil spill incidents have been
documented in the region, with frequent leaks from pipelines, sabotage, and equipment failures
exacerbating the enanmental and public health riskdkinwumiju et al., 2020; Sam et al.,
2017b; Wekpe et al., 2022, 2024a, 2024i5)ese spills threaten not only surface ecosystems but
also groundwater resources, the primary source of drinking water for many local communities,
often accessed via haiwdig wells and tube wells.

Despite the scale of the problem, significant knowledge gaps persist regarding £ Nd@&Raviour

in the Niger Deltads distinctive hydrogeol ogi
level environmental consequences, often neglecting theténgsubsurface contamination and

its implications for groundwater quality and publichedl. Thi s gap i s criti ca
high water table, fluctuating groundwater levels, and porous soil structure, which enhance the
mobility, dissolution, and restribution of hydrocarbongwali et al., 2021) Furthermore, key
mechanisms such as the development of smear zones, capillary forces, and seasonal water table
fluctuations remain underexplored in relation to their impact on drinking water quality.
Understanding these dynamics is crucial for identifyimghrisk zones, particularly for
contamination pathways through shallow wells.

While comprehensive studies on LNAPLs in the Niger Delta are scarce, extensive research from
other regions, mainly linked to accidental spillaf¢ésdav & Hassanizadeh, 20138nd controlled
laboratory experimentfCavelan et al., 2024; Kechavarzi et al., 2008¢rs valuable insights.
Laboratory studies have elucidated key LNAPfehaviours, including their mobility, interaction
with groundwater, and dissolution processes,
geology and hydrogeolodyomlinson et al., 2017Advanced tools such as contaminant transport
models, geospatial analysis using GIS, and laboratory simulations provide critical frameworks for
evaluating LNAPL behaviour under variable conditions, such as fluctuating water tables and
heterogeneities inod permeability.

This review employs a hermeneutic technique, an iterative literature analysis, to synthesise current
findings and bridge the knowledge gap surrounding LNAPL behaviour and its impact on
groundwater in the Niger Delta. By incorporating global insights amgtady them to unique

conditions of the region, the study aims to identify critical areas for further research to delineate
high-risk zones using geospatial risk frameworks and enhance the development of remediation
strategies. This approach also emphasike importance of aligning remediation efforts with the

real i ties of the Niger Del t abds -ddgwelslandrnupe wat e
wells. By focusing on the intersection of hydrogeology, contamination dynamics, and public
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health, this review seeks to contribute to effective environmental management and the mitigation
of long-term impacts on both ecosystems and human populations.

2. The Niger Delta Region (NDR)a brief overview

Many deltas are sites of ample natural resources and significant oil and gas development. The
Niger Delta, a densely populated region (Figarg), as officially defined by the Federal
Government of Nigeria encompasses the following states in the southern part of Nigeria: Abia,
Akwa-lbom, Bayelsa, Cross river, Delta, Edo, Imo, Ondo and Rivers (Fiyliyeand is highly
resourceful. The delta, one of the world's largest wetlands and the most prominent in Africa, is a
vast floodplain built up over centuries by silt washed down the Niger and Benug(iteetsal.,

2013) The Niger Delta, which is virtually unprotected and supports over 60% of Nigeria's total
species, provides natural habitat for a diverse range of endemic coastal and estuarine fauna and
flora (Wekpe et al., 2024aand made up of several rural communities that depend solely on the
natural resources for sustenance and livelihood. This region has been greatly influenced by
ongoing hydrocarbon exploration and extraction activities, which began in(k8%# al., 2013;

Wekpe et al., 2022As a result, the region's people and environment have borne the brunt of the
activities, and the region has been designated as one of the world's most threatened with extinction
ecosystems and a high conservation primary concern in West Africa.

Approximatelyl00 people lives on every Kifandmass area within the Niger Delta (Figrg),

with high agricultural activities seemingly ongoing. Higher populations reside closer to the riverine
areas as they are well drained and suitable for fishing and farming, which are the main occupation
of the residents. Also, in some settings, densailptipns seem to cluster around or neaf oil
bearing pipelines. For this reason, majority of the residents are at greater risks whensLBIAPL
pollution occur in the gtace waters and soils (Figuzel).
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Figure 2.1: Spatial distribution of spill events, pipeline network and population densities in the
Niger Delta region.This suggests that about 30% of the region comprises of population densities
greater than 100 people per kthat could be impacted tmjl spill events when they occur, either
from spill locations that already exist or from associated pipeline network or production oil wells
situated within their vicinity.

There are more than 3000 oil wells being explored within the Niger Delta, with Shell plc owning
more than 50% of them. These oil wells contribute to more than two billion barrels (approximately
320 x 18 L or 13 x 1§ m®) daily exported for refining and account mainly for the economic
sustenance of the nation itself. A series of interconnected pipelines (Bijuedso exist within

the Niger Delta and contribute to most of the spills experienced in the region due to continuous
vandalism by the residents.

In the welldrained Niger Delta, the water table is typically high and, in some areas, fluctuates
consistently due to daily tidal changes and seasonal variations associated with annual rainfall,
reflecting its location in the coastal region with coastairpkand deposits. In the NDR, the
groundwater resource serves as a valuable source of drinking water and is further used for
irrigation and other industrial purposes. In many cases, this is accessed via privately owned,
shallow hand dug wells and borebslof depths commonly less than 10m.
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3. Research Approach

3.1 Method: Literature Search and Analysis

To conduct a comprehensive critical review on the behaviour of LightAdoieous Phase Liquids
(LNAPLS) in coastal deltas, with a focus on groundwater contamination and exposure pathways
in the Niger Delta, we employed an iterative hermeneutic techrflegist et al., 2023)This
method enabled a deep, interpretive approach to understanding the complexities of LNAPL
contamination and its environmental and human health implications.

3.2 Literature Search Strategy

An initial literature search was conducted across major academic databases, including Web of
Science, Scopu§cience Direcand Google Scholar, to capture a broad range of relevant studies.
This was later reduced to two major one, which are the Science Direct and Sdopsgarch
strategy involved using specific keywords and phrases in various combinations, such as:

A "LNAPL behaviour" AND "coastal deltas"
A "Groundwater contamination" AND "Niger Delta"
A "Oil spill" AND "LNAPL migration" AND "risk assessment"

A "Hydrogeological characteristics” AND "exposure pathways" AND -podducing
regions”

The search was restricted to peeviewed articles published in English between 2000 and 2023
to ensure the inclusion of the most recent and relevant literature. Titles, abstracts, and keywords
were initially screened to identify studies that aligned withscope of our research questions.

3.3 Research Questions to scaffold Literature Analysis

To structure the literature analysis and synthesize existing knowledge, we developed the following
guiding questions, which were used ftame our review under the 'Current Knowledge and
Understanding' heading:

1. What are the key mechanisms and behaviours of LNAPLSs in coastal deltaic environments,
particularly in the Niger Delta, and how do these mechanisms influence groundwater
contamination?

2. How do the unique hydrogeological characteristics of the Niger Delta, including redox
reactions, influence the migration and distribution of LNAPLSs, and what are the implications for
groundwater quality?

3. What are the known exposure pathways for communities in the Niger Delta region due to
LNAPLs éontamination, and what knowledge gaps exist in understanding these pathways?

4, How can existing knowledge of LNARLb&ehaviour and groundwater contamination in
coastal deltas be used to improve risk assessment and management of oil contamination in the
Niger Delta?
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5. What are the potential loAgrm consequences of LNABIcontamination in the Niger
Delta on human settlement and drinking water sources?

These questions provided a structured framework to guide the literature search, extraction, and
synthesis processes.

3.4 Data Extraction and Synthesis

We systematically reviewed the selected literature to extract relevant information aligned with
each of the guiding questions. The hermeneutic technique (Fig®revas utilised, with its
iterative nature allowing us to refine our understanding continuously by revisiting key studies,
expanding the literature search where necessary, and integrating new insights into our analysis.
This approach ensured a comprehensywehesis of current knowledge, identification of research
gaps, and exploration of oppanities for applying existing knowledge to improve risk assessment
and management in giroducing coastal deltaic settings.

E‘@ |dentify Literature

Refine
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? Expand Literature
Search

Integrate New
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215/ Knowledge
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éi)

Figure 2.2: Simplified Hermeneutid.e. iterative approach to identify the LNAPLS risk factors in
contaminating groundwater in deltaic settings.

4.  Analysis of Current Knowledge

4.1 Type and extent of oil contamination observed in the Niger Delta

Oil resource, in commercial quantities, was first discovered in 1956 at BayelséEsthée &
Thompson, 2010xnd its exploration/drilling began in Oloibiri (Bayelsa) in 1988et al., 2013)
Several author§Sam et al., 2017b; Zabbey et al., 20&f)rm that oil and gas export proceeds
contribute significantly to the country's revenue, with average daily crude oil production estimated
at 2.2 million barrels/day (bpd). Because of its vast reserves of hydrocarbons and other natural
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resources, the Niger Delta is a critical region in Nigeria. This has transformed the region into
Nigeria's economic heart and the epicentre of oil and gas activity.

Although Osuji and Opiah (200elieve that details of oil spills in the Niger Delta appear well
documented, several other authors disagree as there is an obvious lack of accurate, systematic or
empirical data.

Egbe and Thompson (201@ported thabver 4000 spilldiad occurred in the Niger Delta between

1976 and 1996 with over 2million barrels irrecoverably lost to the environalemst 6,900 oil

spills between 1976 and 2001 with almost 3 million barrelsalodover 7000 spills between 2000

and 2021 (NOSDRA, 2021UNDP (2006)stated that about 25% of these spills occurred in the
swamps and about 69% offshore. The volume spilled greatly exceeds the negligible amounts that
gets recovere(@Akinwumiju et al., 2020; Oyebamiji et al., 2022; Wekpe et al., 2022)

UNEP (2011)eported evidence of crude oil contamination in more than 90% of the Ogoniland
that it studied, with less than 10% showing evidence of contamination from refined oils.

Lindén and Palsson (2012)nd Palsson and Lindén (2014¢ported significant amounts of
extractable petroleum hydrocarbons (EPHs), polycyclic aromatic hydrocarbons (PAHs) and
benzene in surface water, hand dug well water samples and sedi@itsoha and Brisibe
(2013)reported cases of PAHs and benxo (a) pyrene, naturally occurring radioactive materials,
and trace metals, as bioaccumulations in food ci@faston et al. (2009¥ecried high values of

total hydrocarbon concentration (THC) observed in samples of water, periwinkle and mudskipper
that were analysed.

Osuji and Achugasim (20183corded high levels of aromatics such as benzene, Dichlorobenzene,
Ethylbenzene, Toluene, p xylene and o xylene two months after the spill(&mbngabara &
Njoku, 2012)observed significant amounts of THC (about 986ppm) in groundwater samples from
an artisanal refinery at Bolo, Rivers state.

The Equivalent Carbon Number (ECN) is a concept used to describe and predict the behaviour of
hydrocarbon mixtures, including Light Nakqueous Phase Liquids (LNAPLSs) and crude oils, in

the environmen(Rivett et al., 2014)ECN provides insights into the environmental fate and
potential health risks associated with these substances by relating the physical and chemical
properties of hydrocarbons to their behaviour in various environmental media (e.g., water, soil,
air). Gererally, Lower ECN values are typically associated with smaller, more volatile
hydrocarbons that are more mobile in the environment, potentially spreading contamination over
larger areas, but have lower persistence in soil and water.

4.2 Key mechanisms and behaviours of LNAPLSs in coastal deltaic environments,
particularly in the Niger Delta, and how they influence groundwater contamination

LNAPLs exhibit distinct behaviours in deltaic environments due to the interaction of their physical
and chemical properties with subsurface hydrological and geological conditions. Their low density
and hydrophobic nature allow them to float on water table$ migrate laterally within the
capillary fringe, forming pools or lenses that persist in the subsufTaselinson et al., 2017;
Yadav & Hassanizadeh, 201 B8tudies indicate that their behaviour is governed by factors such
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as soil type, water table dynamics, and contaminant propg@ttegkins, 2013; Rivett et al., 2014;
Tomlinson et al., 2017)

LNAPLs occupy three primary zones in the subsurface: the unsaturated zone, the smear zone
created by water table fluctuations, and the saturated zone below the watétaaltdas (2013)
identified these zones as critical areas of LNAPL distribution. In the unsaturated zone, delayed
drainage and LNAPL pool volumes control mobility, while in the smear zone, fluctuations in the
water table redistribute LNAPLs vertically, enhancing theisalistion into groundwater. In the
saturated zone, LNAPL recovery potential increases as the water table falls due tedyraity
drainage (Figure 3). These dynamics create challenges for understanding contaminant partitioning
into vapor, liquid, and dsolved phases, particularly in environments with heterogeneous soils.

Deltaic systems are characterized by alternating layers of sand, gravel, and clay, which
significantly influence LNAPL migration(Xu et al., 2022) Finegrained clay layers act as
capillary barriers, restricting vertical movement and causing lateral redistribution of LNAPLSs
(Zhao et al., 2024 However, the discontinuity of these layers in heterogeneous soils can lead to
localized accumulation of LNAPLSs, as illustrated by the "shark fin" andldtepsaturation
profiles observed in laboratory studies (FigRi®) (Kechavarzi et al., 2008These complexities
highlight the importance of sigpecific evaluations in predicting LNAPL behaviour.

Dynamic water tables, driven by seasonal recharge and tidal forces, are a defining feature of deltaic
environments. Fluctuations in the water table expand the smear zone, increasing the interface
between LNAPLs and groundwat@avelan et al., 2024; Yadav & Hassanizadeh, 20Ikis
interaction accelerates the dissolution of soluble hydrocarbons, such as BTEX compounds, into
the aqueous phase, creating dissolved plumes that migrate with groundwat@sribail et al.,

2023) Studies emphasize that the impact of water table dynamics on LNAPL behaviour is most
pronounced in shallow, unconfined aquifers.

The type of hydrocarbons present in LNAPLs significantly affects their environmental impact.
Light hydrocarbons, such as those found in gasoline, exhibit higher solubility and mobility
compared to heavier fractions in crude oil. BTEX compounds and methgltyl ether (MTBE)

are particularly concerning due to their carcinogenicity and persistence in groundwater systems
(Hawkins, 2013)(Table 2.1). These findings underscore the critical need for monitoring and
managing LNAPLs in deltaic systems to protect groundwater quality.
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Figure 2.3: LNAPL behaviour across unsaturated and saturated zones and its saturation profile

in different soil types, adapted frofiTRC, 2014; ITRC., 2018)(a) Conceptual diagram showing

the vertical separation between the unsaturated zone and the saturated zone, highlighting the
LNAPL smear zone created by water table fluctuations. The smear zone traps LNAPLS in residual
and mobile phases, influencing theiartitioning into vapor, liquid, and dissolved phases. (b)
Saturation profile of LNAPLSs in homogeneous soil, showing a smooth "shark fin" distribution with
gradual saturation changes above the water table. (c) Saturation profile in heterogeneous soil
with fine-grained layers, illustrating stefike changes in saturation due to capillary barriers and
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soil heterogeneity, which lead to localized accumulation and redistribution of LNAPLSs.

Table2.1: Common LNAPL contaminants and their physical properties, with focus on those found

within the Niger Delta region, edited after Hawkins et al. (2013).

Contaminant | Specific | Absolute | Interfacial | Surface Water Vapour Propensity to degrade
Gravity | Viscosity | Tension Tension Solubility Pressure _ _
(cP) (dyne/cm) | (dyne/cm) | (mg/L) (mmHg) | Aerobic | Anaerobic
Benzene 0.874 0.603 35.00 28.90 1.75E+03 | 9.52E+0 Y Y,
1
Chlorobenzene| 1.106 0.799 37.40 35.97 4.66E+02 | 1.17E+0 Y Y,
1
Ethylbenzene | 0.867 0.678 35.50 31.48 1.52E+02 | 7.00E+0 Y Y,
0
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Toluene 0.862 0.552 36.10 30.90 5.35E+02 | 2.81E+0 \Y
1
O-Xylene 0.880 0.809 36.06 32.51 1.75E+02 | 6.60E+0 V
0
Trichloroethen | 1.468 0.566 34.50 29.50 1.10E+03 | 5.79E+0
e (TCE) 1
Crude QOil 0.70 1 | 8-87 24-38
0.98
Diesel 0.80 1 |1.10 T |50 25
0.85 3.50

4.3 Uniquehydrogeological characteristics of the Niger Delta, its influence on the
migration and distribution of LNAPLSs, and potential implications for groundwater

quality

The hydrogeology of the Niger Delta is uniquely characterized by the Benin Formation,-a multi
layered aquifer system comprising unconsolidated sand and gravel interspersed with clay units
(Abam & Nwankwoala, 2020; Wali et al., 202Ihis heterogeneous stratigraphy significantly
influences the migration and distribution of Light Nagqueous Phase Liquids (LNAPLS), posing
substantial risks to groundwater quali¥hao et al., 2024)The interplay between LNAPL

behavi

our

hydrocar bon

types,

contamination scenarios that demand careful consideration.

and

t he

del t ad

LNAPL migration in the Niger Delta is heavily influenced by the physical properties of the
hydrocarbons involved, such as their density, viscosity, and soly@htyth et al., 2024; Zhao et

al., 2024) Lighter hydrocarbons, such as those in gasoline and diesel, tend to migrate farther and
dissolve more readily in groundwater, whereas heavier crude oils are less mobile but persist longer
in the subsurface. Constituents such as benzene, toluene, eteylbeand xylene (BTEX) are of
particular concern due to their high solubility, mobility, and carcinogen(Biyett et al., 2014;
Tomlinson et al., 2017Yhe predominance of refined products in the Niger Delta, released through
pipeline leaks, artisanal refining, and other industrial activities, amplifies the risk of widespread
contamination, as these products contain highly soluble and toxic hydrocéxvesnrskwoala &

Mzaga, 2017; Oyebamiji et al., 2022; Richard et al., 2023)

The N i

ger

Del t abds

stratigraphy

pl ays

a pivo

distribution. The sand layers within the Benin Formation facilitate lateral spreading, enabling
LNAPLs to accumulate and migrate horizontally along permeable pathw#yis tine capillary

fringe above the water table. However, the interbedded clay units, which act as capillary barriers,
can impede vertical migration and create zones of localized accumulation. The effectiveness of
these clay layers depends on their thidsnand integrity; discontinuities or fractures can allow
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LNAPLSs to bypass these barriers, contaminating deeper aq(Wegar, 2024)This dynamic is
particularly relevant in areas near the coast, where the frequency of clay intercalations increases,
contributing to greater heterogeneity in subsurface flow g&bag & Michael, 2021)

Fluctuating groundwater levels, driven by tidal influences and seasonal rainfall, further complicate

the distribution of LNAPLs in the Niger Delta. These fluctuations create a smear zone, where
LNAPLs are redistributed vertically, increasing the interfaegveen LNAPLs and groundwater

(Ismail et al., 2023)This process enhances the dissolution of hydrocarbons into the aqueous phase,
forming dissolved plumes that migrate with gr
water table, often less than 4.5 meters below the surface in many areasestreasiinerability

of aquifers to contamination from surface spills and leaks. During periods of high rainfall, the
infiltration of water into the subsurface may enhance LNAPL mobility, while in drier seasons,
reduced water levels allow deeper penetratid contaminants due to grawvitlyiven drainage

(Cavelan et al., 2024)

Saline intrusion in the coastal areas of the Niger Delta introduces another layer of complexity.
Excessive groundwater abstraction has been shown to induce the mixing of saline water with
LNAPL plumes, creating chemically complex transition zones. Theraction alters LNAPL
density and solubility, potentially increasing the mobility of specific hydrocarfiensil et al.,

2023; Smith et al., 2024; Zhao et al., 20Z®)e combination of saline intrusion and hydrocarbon
contamination poses significant challenges for both water quality and remediation efforts, as it
complicates predictions of contaminant behaviour and necessitates tailored management
strategies.

The implications for groundwater quality in the Niger Delta are severe. The high permeability of

the aquifers facilitates rapid contaminant transport, threatening drinking water supplies relied upon

by many communities in the region. Constituents sucheagdme, which have been detected at
concentrations exceeding international safety standards in drinking water wells, presésitriiong

health risks to local populatior{Richard et al., 2023)Furthermore, the persistence of certain
LNAPLs, coupled with the regionbés geological
technically demandin§Ciampi et al., 2024)The need for robust risk assessments that integrate
hydrogeological characteristics, LNAPL properties, and contamination dynamics is critical for
protecting the deltads vital groundwater reso

4.4 Major exposure pathways and potential ldagn consequences of LNAPL
contamination in the Niger Delta on human settlement and drinking water sources

Every stage of hydrocarbon extraction, refinement, production, transportation, and storage leave
imprints on the environment and consequentially on the ecosystem. Oil spills, releasing LNAPLs
such as diesel pose various threats to human health, causiregase® toxicity, lower
yields/productivity, death and extinction of species of crops, animal and ecosystems; and loss of
potential revenue@\bereton et al., 2023; Egbe & Thompson, 2010; Ite et al., 2013; Kadafa, 2012;
Olalekan, 2020)Elevated levels of heavy metals and trace elements resulting in have also been
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reported globally and specifically in the Niger Delta commu(itgereton et al., 2023; Egbe &
Thompson, 2010; UNEP, 201Bcute health challenges such as respiratory disorders, skin rashes
and ulcers, tumours and cancers, kidney failures, damages to the brain, liver, heart, chromosomes,
gastreintestines and respiratory systems have also been documented and suggesgeahhbcall
internationally(lte et al., 2013; Oyebamiji et al., 2024; Wekpe et al., 2022)

UNEP (2011)identified four main sources of drinking water for the inhabitants of Niger Delta.
These are rainwater, rivers and creeks (surfeater), shallow hand dug wells and shallow to deep
boreholes in increasing frequency ordgNEP, 2011) A negligible few also access processed
water stored in plastic bags or bottles. In recent time, access to groundwater via privately
constructed shallow hand dug wells and boreholes have become more prominent.

According tolte et al. (2013)the conservation of groundwater supply is crucial to assist reduce
potential risks connected with petroleum contamination because the Niger Delta's population has
resorted to drilling boreholes for drinking water due to contamination of controlled svatees.

Many of the hand dug wells and boreholes are drilled by artisanal labour to reduce costs but may
aid cross contamination (Figu2et). The conceptual site model depicted in Figure 4 illustrates the
relationship between LNAPLSs released during pills, their dissolution and formation of plume

in the aquifer. This model is crucial for understanding how LNAPLs behave in the subsurface and
their potential impact on groundwater quality, particularly in areas where water is extracted via
shallow hanedug wells and/or boreholes of varying depths. The model identifies several distinct
zones based on the saturation and mobility of LNAPLs: immobile LNAPL zones with capillary
trapped LNAPLs mixed with air and water (zones a and b), mobile LNAPL zones wythigéa
LNAPLSs saturation (zone c), zones of reduced LNARRaturation leading to dissolution and
ganglia formation (zone d), and zones with no LNAPLs where water is fully saturated (zone e).
These zones are influenced by the persistent fluctuation of groundwater levels and seasonal
changes, which are charactagsif the NDR (Figure2.3). It provides a broad understanding of
LNAPLsbehaviour in the subsurface, including the different zones of saturation and mobility, and
how groundwater fluctuations infmce these zones. This model is useful for explaining the
overall dynamics of LNAP&contamination in the Niger Delta.

In the partially saturated zone (Fig@rda), LNAPLs are immobile and partially saturated, trapped
within the soil pores by capillary forces, along with air and water. This zone is characterized by
the presence of intercalated clay lenses, which can further impede the movement of LNAPLSs.

In the mixed capillary zone also represents an immobile LNAPL zone but within the capillary
fringe (Figure2.4b), where residual LNAPLs mix with air and water. This zone is influenced by
the fluctuating water table, which can mobilize LNAPLs during periods of high groundwater
levels. The low to residual LNARLsaturation zone (Figur@.4c) is characterized by high
LNAPLs saturation, making LNAPLs mobile and more likely to spread through the aquifer. This
mobility can lead to the contamination of larger aresspecially during periods of groundwater
fluctuation.

In the high LNAPIs saturation zone (Figur24d), LNAPLs saturation is reduced, leading to the
dissolution of LNAPLs and the formation of ganglia (Figlrci red bubbles), where LNAPLs
are trapped in isolated pockets. This dissolution can result in the formation of a dissolved plume
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(Figure 2.4e), which can further contaminate the groundwater. Finally, the dissolved LSNAPL
(Figure 24e) represents areas where LNAPLs are absent, and water fully saturates the soill,
typically found at deeper depths or after complete degradation of LNAPLSs.

The repetition of these zones within the NDR is driven by the dynamic nature of groundwater
levels, which fluctuate due to seasonal variations in rainfall and groundwater recharge. Therefore,
one can perceive the dug well to be, on some occasions, withimftuence of high LNAP&
saturation to residual LNARLsaturation zone (Figur.4c-d) while shallow tubewell tapping

water at depth may be within the influence of dissolved plume (Fiied. Understanding these
zones and their behaviour is essential for developing effective risk assessment frameworks and
remediation strategies to protect groundwater resources and ensure the health-bashgvefi

the residents in the Niger Delta region.

Tube well

Dug well

Residual
LNAPL

LNAPL “Pancake”

Dissolved-phase
solute plume

Groundwater

flow

Aquifer

Figure 2.4: Conceptualization of mechanisms of groundwater contamination from LNAPL
spillsin the Niger Delta, drawing and adopting insights froRivett et al. (2014)The diagram
illustrates two primary pathways of groundwater contamination: (1) Dug wells, which intersect
the water table and are directly exposed to both undissolved LNAPL (residual and floating
"pancake") and the dissolvgthase plume, leading to immetiacontamination risks; and (2)
Tube wells, which are located dowgradient and tap relatively deeper depths, where
contamination occurs through the horizontal migration of the dissgiede solute plume over
time. The smear zone, capillary effects, graindwater flow dynamics influence the mobility and
redistribution of contaminants, emphasizing the complexity of exposure pathways. The zones of
LNAPL saturations (& e) are updated afteRivett et al. (2014)where a is the partially saturated
zone, b is the mixed capillary fringe zone, c is the low to residual LNAPL saturation zone, d is the
high LNAPL saturation zone and e is the dissolved plume zone.
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4.5 Strategies and risk assessments available to manage the impact of oil
contamination in oil producing coastal deltaic settings such as the Niger Delta

The Niger Delta region (NDR) presents a unique challenge due to widespread hydrocarbon
contamination, an issue not seen at this scale in other deltas globally. To address this, a novel
healthrisk assessment framework is proposed, drawing from lessongdemom significant oll

spill events like the Prestige oil spill in Spain, and incorporating sustainable environmental
management practices. While no other delta exhibits such extensive hydrocarbon contamination,
studies from deltas with different contarants, such as arsenic risk zoning in the Bengal Delta,
can provide valuable insights and be replicated for hydrocarbons in the NDR.

Existingrisk assessment frameworkdthough plentiful, rarely focus aml spill events and their
impacts.Effective risk assessmemequires a weltlefinedlink between likely sources, exposure
pathwaysand potential receptofeaves, 2011)In the NDR factors significantlyincreasinga
receptor 6s mclusldecolody, pepulgiian slensitg proximity to contaminaséds,
and land uséOyebamiji et al., 2022, 2024; Sam et al., 2017b; Wekpe et al., .2088)aminant
characteristiciike amounts/level, toxicityand hydrophobiproperties alsplay a major roleas
do soil propertiesuch agorosity, constituentsand organic conterfdiang et al., 2016)

Given the variability ofthesefactors, a multicriteria decision analysis (MCDA) approach is
favoured with someresearchers incorporatirgn analytical hierarchicgrocess(AHP) using
softwarelike Microsoft ExcelandArcGIS (Bello-Dambatta et al., 2009)n the NDR,Sam et al.
(2017b)developed a riskasedMCDA frameworkfocusingon the proximity of contaminated
areas to structures and receptdtewever, this approach did not significantly include areas of
high hydrocarbon contamination for urgent response. In developed countries, theFihveay
Receptor (8-R) model iscommonly used but it has not been adapted foii-related risk
modeling ingroundwater contamination globalby in the NDR.

Current legislations in the NDR include those overseen by the Department of Petroleum Resources
(DPR), the National Oil Spill Detection and Response Agency (NOSDRA), and the Hydrocarbon
Pollution Remediation Project (HYPREP). However, the inadequacidsesé tregulations are
evident, with issues such as lack of expertise, inaccurate documentation, politicking, red tapism,
bureaucracies, and conflicts between ager(@am et al., 2017a; Sam et al., 2022; Wekpe et al.,
2022) These challenges highlight the need for a more integrated and effective approach to risk
assessment and management.

To address these gaps, the proposed framework will utilize GIS, MCDA, groundwater, and
contaminant modeling to delineate highority contamination zones requiring prompt
remediation. This novel approach, optimizing existing methodologies and technoligieso
provide a comprehensive and effective strategy for managing oil contamination in the NDR. By
learning from other deltas and adapting best practices, this framework can significantly enhance
the environmental management and sustainability efifottsee Niger Delta.
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5. Discussion

5.1 Attributes of vulnerability to oitontamination

LNAPLs, comprising a range of hydrocarbon constituents, exhibit varying degrees of
environmental persistence based on their chemical properties. Denser oils, for instance, persist
longer due to their limited mobility and slower degradation rates, wigle molecular weight
polycyclic aromatic hydrocarbons (PAHS) are particularly recalcitrant to biodegradation because
of their low solubility and bioavailabilitfHuettel, 2022)In contrast, more soluble hydrocarbons,

such as volatile organic compounds (VOCSs), tend to spread extensively in groundwater,
amplifying contamination risks. In Niger Delta Region (NDR@arious LNAPLs have been
identified, including PAHs(Essien et al., 2011; Giadom & Tse, 2014; Lubi & Akinluyi, 2022;
Njoku et al., 2016; Nwankwoala & Mzaga, 201 Total Petroleum Hydrocarbons (TP@AJinnor

et al., 2014jbinabo & Simeon, 2021; Njoket al.,2016;Nwankwoala & Mzaga, 2017; Raimi et

al., 2022 UNEP, 2011) Total Hydrocarbons (THQAlinnor et al., 2014; Amangabara & Njoku,

2012; Egirani & Dagogdack, 2023; Osuji & Nwoye, 200 B xtractable Petroleum Hydrocarbons
(EPH) (Lindén & Palsson, 2013; Palsson & Lindén, 201B¢nzengLindén & Palsson, 2013;
Nwankwoala & Mzaga, 2017; Palsson & Lindén, 2Q0®&4d volatile organic compounds (VOCs)

like Benzene, Toluene, Ethylbenzene, and Xylene (BTE{@dom & Tse, 2014; Nwankwoala

& Mzaga, 2017; Osuji, Udoetok, et al., 2008n some instances, the concentrations of these
contaminants, particularly TPH, have been reported to exceed national and international standards
by several orders of magnituf@NEP, 2011) highlighting the severity of pollution in this region
(Abereton et al., 2023; Akinwumiju et al., 2020; Ite et al., 2013; Sam et al., 2017a; UNEPR, 2011)
The persistence of these hydrocarbons, particularly PAHs and BTEX, poses a significant challenge
in the NDR, where the complex hydrocarbon mixtures and their recalcitrance to natural
biodegradation processes have been documented. These findings suggest that in this region, natural
attenuation mechanisms may be insufficient to address the contamination, leaving many
groundwater systems at risk of leteym pollution.

Several factors contribute significantly to the risk of oil contamination in the groundwater system
of the NDR. Proximity to spill sites, oil wells, and pipeline networks acts as a primary source of
contamination. The ease of movement ofrelated contaimants into groundwater resources is
influenced by soil and sediment properties such as hydraulic conductivity, porosity, and
permeability. Additionally, stream density, nearness to surface water systems, rainfall/recharge
levels, land use/land change sittes, and depth to the water table all play crucial r@Dggebamiji

et al., 2024; Sam et al., 2017b)

Environmental conditions, such as wind and currents, wave action, tidal range, and beach profile,
significantly influence the behaviour and impact of oil spibashore winds and high tides can
push oil slicks onto the coast, exacerbating the impact on coastal ecogy$tettsl, 2022)The

type of environment, whether sandy, rocky, salt marsh, or mangrove, also plays a role in
determining the extent of oil contamination. For instance, mangrove ecosystems are highly
susceptible to oil damage, as oil can coat roots and sediments, leadomgrterm ecological
impacts.
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Stagnant water bodies can cause oil to remain longer, increasing the exposure of plants and animals
to contaminants. In addition, tidal dominance in Niger detaalso influence the movement and
dispersion of oil as the higher density of tidal water can cause olil to float on the surface, leading
to wider dispersioiGong et al., 2014Jurthermore, theurface elevation of the NDR is such that

any oil spills in higher elevation (within the upper and central parts of the delta), if they persist,
may be mobilised by the floodwater during rainy season and taken to the lower elevation areas and
regionally inthe lower part of the deli@loque & Burgess, 2020; Ravenscroft et al., 2088as

with shallow aquifers in these lelying regions are vulnerable to groundwater contamination, as

oil can infiltrate the soil and contaminate groundwater resources. High temperatures and rainfall
can favour the degradation of petroleum hydrocarbants;hronic contamination can hinder any
recovery effort{Cavelan et al., 2022} luctuating groundwater levels and soil moisture content
also impact the fate and transport of oil. Heterogeneities in aquifers, particularly areas with a high
clay content may have greater oil retention, as clay particles can adsorb hydrocarbons, making
them more persistent in the environm@dulibaly et al., 2006)

5.2 Groundwater as a pathway for exposure

From the contextualization of the LNAPLSs spills movement and dissolution groundwater can be
seen as a exposure pathways (Fi@u4gas has been identified at a site located in the southeastern
part of the Niger deltdJNEP (2011) The Niger Delta Region (NDR) presents a unique set of
hydrogeological and environmental conditions that significantly influence the development and
behaviour of contaminant plumes. The Hying topography means that groundwater is often
close to the surta, facilitating interactions between groundwater and surface water. This
proximity allows LNAPLs to infiltrate the groundwater system more easily, leading to more
localisedcontamination. Additionally, the NDR experiences yeamd water table fluctuatis

due to significant seasonal variations in rainféali et al., 2021)During the wet season, rising
water tables reduce the capillary forces that trap contaminants in the soil, allowing them to spread
more freely through the aquif@smail et al., 2023)Conversely, during the dry season, falling
water tables can concentrate contaminants in certain zones, exacerbating localized contamination.

The magnitude of fluctuations in groundwater levels and temperatures exhibits a direct relationship
with the rate of biodegradation, mobility, and spread of LNAPLs in smear zones, decreasing their
mass and longevity. Warmer temperatures and optimal meistmditions can enhance microbial
activity, accelerating the biodegradation of LNARIGavelan et al., 2022However, extreme
fluctuations can create unfavourable conditions that inhibit microbial activity, reducing
biodegradation rate@smail et al., 2020; Ismail, 2023 addition, these fluctuationst only
enhance the mobility of contaminants but also create preferential flow paths that can channel
contaminants to specific areas, leading to higher concentrations in those zones.

In our conceptualization of the exposure route via groundwater (R2gbrieighlights two primary
pathways through which groundwater can become contaminated: dug wells and tube wells. Dug
wells, which are shallow and intersect the water table, are directly exposed to both the undissolved
and dissolved phases of the LNAPL plunhhis direct exposure leads to immediate contamination
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risks, as the wells can draw in both the LNAPL and its dissolved components, posing a significant
threat to the water quality and the health of those who rely on these wells for drinking water.

On the other hand, tube wells are located dgvadient and tap into relatively deeper depths of

the aquifer can be contaminated through the horizontal migration of the dispblasel solute

plume over time. As groundwater flows from the contaminated momards the tube well, it

carries dissolved LNAPL components, gradually contaminating the aquifer. The smear zone,
where LNAPLs are trapped by capillary forces, and the capillary fringe play crucial roles in the
mobility and redistribution of contaminaniBhese zones, along with groundwater flow dynamics,
influence how LNAPLs spread and dissolve within the aquifer, emphasizing the complexity of
exposure pathways. Understanding these mechanisms is essential for developing targeted
remediation strategies drrisk assessment frameworks to protect groundwater resources and
ensure the health and wéking of the residents in the Niger Delta region.

5.3 Research needs and priorities to reducing potential exposure

The Niger Delta faces significant challenges from hydrocarbon contamination, exacerbated by
over 7,000 documented oil spills, varying in size, composition, and severity (R2&urd hese
spills have |l eft a |l egacy of widespread cont a
characteristics amplifying the complexity of remediation. Figusehighlights the duality of the

current state of knowledge: while contamination pathways, mechanisms, and vulnerabilities are

well understood, critical uncertdies remain regarding the spatial distribution of hiigk areas,

the magnitude of contamination, and the potential for safe aquifer zones. Addressing these gaps
requires an integrated approach that builds on existing knowledge while prioritizing bletiona
strategies to reduce exposure risks and guide remediation efforts effectively.

Although many licensed oil companies have implemented strategies to prevent and control oil spill
events(Sam et al., 2017a; Sam et al., 2022; Wekpe et al., 26@@)ficant challenges remain,
particularly regardingthe cleanup of previous oil spills, which currently serve asptimaary

source ohydrocarborcontaminatior(Figure2.5). Consequentithere is a pressing need to shift
thefocus towards the remediation of previously contaminatedswhile continuing to maintain
preventive measureResearchers have emphasigezimportance ofull and active participation

of host communities in enacting and implementing regulations, as their human rights to a healthy
environment have beaompromisedSam et al., 2017a, 2017b; Sam et al., 2022; Wekpe et al.,
2022) For instanceZabbey et al. (2021)leveloped a framework to enhance awareness and
promote active community participation, whidghalino and Eyinla (2009roposedhew laws

that would enableommunity members to share proprietorship of oil compafiies approach

has the potential tceduce sabotage and spiisile alleviatingthe distrusthat residents have
towardsgovernmenigenciesand oil companiesstemmingfrom incidents of misreportedpill
eventgKadafa, 2012; Wekpe et al., 2022)

Despite thousands of documented oil spills across the delta, a critical gap exists in systematically
identifying the areas affected. These spills vary significantly in size and in the types of oil released
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into the environment, making it challenging to pinpoint communities at the highest risk and
evaluate their water sources. Immediate priorities should focus on identifyingrigkgh
communities, screening their water sources, and building a comprehertsiyetardate database

to guide remediation efforts. Leveraging available datasets innovatively offers a significant
opportunity to conduct effective risk assessments and prioritize actions. For instanesygen
landform and land surface data, combinaith oil spill datasets, could be integrated into a source
pathwayreceptor framework. This framework has been successfully appli€ydyamiji et al.
(2024)to assess source potency, transmissivity of pathways to aquifers, and receptor susceptibility.
Additionally, using insitu data to assess hydrocarbon contamination in soil and groundwater,
while benchmarking these findings against national and globalast@s, is crucial for determining

the extent and severity of contamination.

The specific behaviours of LNAPLS, such as their migration in response to groundwater fluxes,
remain poorly understood, particularly in deltaic settings. This highlights the need for laboratory
scale microcosm studies to investigate contaminant fate amgptrt. Coupling these studies with
advanced modelling techniques can provide a comprehensive understanding of S NAPL
behaviour in deltaic environments. Given the extensive risk of hydrocarbon contamination in the
Niger Delta, regionascale groundwater oaelling is warranted. Similar efforts in other deltas
(Hoque & Burgess, 2020; Michael & Voss, 2008; SambofGak & Pogrzeba, 2024have
demonstrated the value of such approaches. For exaduaage et al. (2017Ahowed that deltaic
tomography and interleaved siltay layers in the Bengal Delta restricted arsenic contamination
to shallow groundwater, leaving deeper groundwater as a safe drinking water source. A similar
mechanism could be evaluated in the Nigeltdt® identify safe aquifer zones at greater depths,
offering an alternative water source for communities.

The use of standards and guidelines that are inconsistent with the unique conditions of the Niger
Delta, such as exposure routes, environmental media, pkgtsérnical properties of soils, and

local groundwater dynamics, has hindered effective cleanuggsegSam et al., 2022; UNEP,

2011; Zabbey et al., 2019; Zabbey et al.,, 20249dressing this challenge requires the
development of regiospecific standards and guidelines tailored to the complexities of deltaic
systems. These should consider factors such as soil permeability, groundwater flow dynamics, and
the role of natural braers. Tailored guidelines will improve the accuracy and relevance of risk
assessments, help identify highk zones and prioritize remediation efforts effectively.
Ultimately, such an approach will ensure that remediation strategeeboth effective ad
sustainable, protectinge health anavell-being of communities the Niger Delta.
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Figure 2.5: Conceptual summary of current knowledge and research gaps in hydrocarbon
contamination in the Niger DeltaThe diagram illustrates the known contamination pathways,
mechanisms, and vulnerabilities, alongside areas requiring further investigation to guide effective
risk assessment and remediation.

6. Conclusions

This paper employed a comprehensive literature review and synthesis methodology to explore the
behaviour of Light NorAqueous Phase Liquids (LNAPLS) in the Niger Delta. Using an iterative
approach t@analyseexisting studies, the research contextualized global knowledge of hydrocarbon
contamination mechanisms within the unique hydrogeological and environmental conditions of
the Niger Delta. The framework of this review incorporated geospatial analysssiu in
observations, and numerical modelling insightassess contamination pathways, persistence, and
risks, providing a foundation for identifying research gaps and actionable priorities.

The Niger Delta Region faces significant challenges due to widespread hydrocarbon
contamination, primarily from oil spills. The complex hydrogeological and environmental
conditions of the region, including fluctuating groundwater levels, soil propertidsseasonal
variations, exacerbate the spread and persistence of contaminants. Groundwater serves as a critical
pathway for exposure, with LNAPLs migrating through the vadose zone and contaminating
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aquifers. The dynamic nature of groundwater levels and temperatures influences the
biodegradation, mobility, and spread of LNAPLs, highlighting the need for tailored risk
assessment and remediation strategies.

This paper has critically reviewed the behaviour of LNAPLSs in relation to oil spills in the Niger
Delta region of Nigeria. There is a dearth of systematic, accessible scientific data on petroleum
hydrocarbon spills, the behaviour of LNAPLs such as mignadiod dissolution rates with respect

to fluctuating water tables, and their impacts on the Niger Delta environment, especially the
groundwater system. Addressing these challenges requires an integrated approach that combines
community participation, tailed standards and guidelines, innovative use of data, and advanced
modelling techniques. The SoutPathwayReceptor (SP-R) model provides a structured
framework for identifying and mitigating risks. By leveraging geospatial analyssgpinlata, and
numerical modelling, a comprehensive understanding of contaminant behaviour arrskigh
zones can be achieved. This may require laboratory simulations, contaminant transport and
groundwater modelling, and the use of emerging technologies such as GIS, sensitg, and
machine learning, especially for prioritizing areas within the region that require prompt
remediation and cleamp activities.

This integrated framework will not only enhance the accuracy and effectiveness of remediation
efforts but also ensure the protection of public health and the environment in the Niger Delta.
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Abstract

In recent times, oil spills have received global considerations as they can be quite disastrous and
immensely degrade the environment. In addition, the demand for potable water is on the rise for
various reasons, including anthropogenically induced enviemtal pollution, such as incessant

oil spill events. The risk of contamination is significant, but due to data limitations in many
developing nations, it remains unquantified. Therefore, this research focuses on creating a
conceptual risk equation thattégrates the sourgethwayreceptor (SP-R) model with mult

criteria decision making in assessing the risk of groundwater contamination in oil producing
regions, especially deltaic environments where data may be scarce and of low quality. This
research mployed a geospatial approach in formulating risk equations, based on the source
pathwayreceptor (SP-R) model using multiple openly available data sets, to assess groundwater
contamination risk in the Niger Delta Region (NDR), Nigeria. To develop thalbrisk equation,

the study combined fourteen thematic data layers including the volume of oil spilled, type of spill,
slope, elevation, proximity to spill site, pipeline, oil wells and streams, drainage density, mean
annual precipitation and populati@ensity. These layers were integrated into source potency,
pathway transmissivity, and receptor susceptibility. The NDR was systematically categorized into
low, moderate, and high groundwater risk zones. The delineation revealed theskigbtnes
predoninantly span the central areas, extending from southeast to northwest, effectively encircled
by regions of low to medium risk located in both the northern and southern extents of the delta.
The efficacy of the risk model was corroborated by existing kriiyde Moderate to highisk

zones were found to be in about 16% of the NDR, revealing previously unknown areas of risk.
This spatial configuration underscores a significant gradient in contamination risk across the NDR,
with the central corridor emerging a<ritical focus for groundwater protection and remediation
efforts. By leveraging the $-R model within this complex and sensitive ecological area, this
research both advances environmental risk assessment and sets a precedent for fusaeddarge
environmental risk assessments utilizing epeuarce data. The risk magsnerated by this study
highlight the need for more research even as they offer important insights into the possible
groundwater pollution brought on by oil spills. To ascertain thentimgsed for focused and prompt
cleanup measures, this entails evaluating the actual groundwater quality within the NDR,
projecting potential spill locations, and performing thorough evaluations of current spill sites.
To further improve efficiency and efftive longterm groundwater resource management, it is
recommended the methodology in this study be combined with other desigiport
technologies.
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1. | ntroducti on

Oil spills are a major global environmental problem that have a negative impact on ecosystems
and public health, especially in areas where transportation and hydrocarbon extraction are
common. While the effects of oil spills on bodies of surface wateh Buers and oceans, have
received a lot of attention, there is still much to learn about the potential for crude oil to
contaminate groundwater resources. Beyond the Niger Delta region specifically, this introduction
seeks to give a thorough overview dketglobal context of groundwater contamination risk
assessment related to hydrocarbon/oil spill incidents.

Numerous studies have emphasized the risks that oil and hydrocarbon spills pose to the quality of
groundwater. The possibility of contamination from unconventional gas extraction is highlighted
by (Jackson, 2014; Jackson et al., 2013; Lefebvre, 2@iaiply signposting the hazards of surface
pollutant releases and well integrity failurdRaynauld et al. (2016§lelve more into the
mechanisms of pollutant release and how they affect groundwater. A more comprehensive
viewpoint is offered bKurwadkar (2017andKurwadkar et al. (202Q0Wwho addresses the effects

of both organic and inorganic contaminants on groundwater quality as well as the necessity of
taking preventative action to avoid contamination. When taken as a whole, these findings highlight
the critical need for more investtion and strict laws to safeguard groundwater supplies in areas
with high levels of oil exploration and production.

The Niger Delta region (NDR), renowned for its substantial oil reserves, serves as a vivid example
of the complexities inherent in resougeh regions. Over the years, this area has borne witness

to extensive hydrocarbon contamination, a consequence eddistent oil exploration,
transportation accidents, and unintentional spilla@ésnwumiju et al., 2020; Giadom & Tse,

2014; Sam et al., 2017b; Umar et al., 2019et within the delta unconsolidated alluvium is a
bountiful aquifer system, a critical lifeline for the region's inhabitants. A majority of the local
population depends on these groundwater reserves, primarily sourced through shallow boreholes
and dug wells (UNEP, 2011)

Different facilities and pipelines can leak olil; old, decaying, and abandoned infrastructure can also
leak oil; and mishaps during the transportation and artisanal processing of stolen oil under
extremely harsh conditions can result in oil spills of vasigds(Lindén & Palsson, 2013; Sam et

al., 2017b)Analyses have revealed elevated concentrations of hydrocarbons and heavy metals in
water sources adjacent to oil spillages, as documented by Ozoemenam et al. (2018). While the
immediate and recognizable health hazards of inhaling hydrocarbon vapourkreneladged,

there exists another concealed peril, of associated heavy metals. Groundwater, serving as the
primary drinking water source in the Niger Delta, is suspected to be a significant vector for
hydrocarbon ingestion. The dissolved hydrocarbons eptesvithin groundwater pose an
imperceptible threat, as they neither alter taste nor emit any @itshannsen et al., 1995)t
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their carcinogenic attributes pose a significant health risk, potentially exposing communities to
harmful substances with every $bdelShafy & Mansour, 2016; Barbosa Jr et al., 2023; Shukla

et al., 2022)The need for a comprehensive risk assessment is underscored by the immediate and
long-term health risks posed by groundwater contamination. Yet, the journey to effective risk
assessment in the Niger Delta has been hampered by a persistent lack of awiyarelata. In

cases of limited information, the sougathwayreceptor (8P-R) model stands out as a promising

tool (EA., 1999, 2000a, 2000b, 2003; Smith et al., 200%)s model, at its foundation, seeks to
elucidate the relationships between a contamination's origin (the source), its transmission medium
(the pathway), and those at risk (the receptors). Such a model offers a panoramic view of
contamination riskgBelle et al., 2023; Mbae et al., 2023; Sun et al., 2@28) incorporating
geospatial analysis to map the distribution and extent of contamirfaitioar et al., 2019)in the

context of the Niger Delta, the sources are predominantly hydrocarbon spills, pathways include
soil and groundwater systems through which contaminants migrate, and receptors are the
ecological and human systems that are adversely afféétadom & Tse, 2014)

In recent years, there has been notable progress in the quantitative aspects of hydrological studies
in West Africa as a whole and within the Niger Delta regidbhey includeDanJumbo and

Metzger (2019)Getirana et al. (2021)Dan-Jumbo & Metzger, 2019); Getirana et al. (2021);
(Mgbolu et al., 2019; Ndehedehe et al., 20&6)Ndehedehe et al. (2016)hese advancements

have been fueled by improved data collection methods, enhanced modeling techniques, and a
growing understanding of the complex hydrological dynamics in the area. However, despite these
strides, the issue of groundwater contamination mesna pressing concern in the region. These

|l ead to an overarching r esear cftrasgessingtheiriskrof 6 Can
hydrocarbon contamination of groundwater resources in Deltas, using the Niger Delta, Nigeria as
an examplsed.urTthhiesrr strengthened by the researc
field observation and augmented geospatial data be utilised to charactefig®fShydrocarbon
contamination for spatial scale risk assessment in deltaic settings?

A variety of technigues, each with a specific focus and application, have been employed to evaluate
the risk of groundwater contaminatidBurkart et al. (1999used statistical, overlay and index,

and procesvased modeling techniques to evaluate vulnerability to agrichemical contamination in
the Midwest US, whilezhao et al. (2018xhao developed a straightforward risk index method
that integrates aquifer vulnerability, pollution sources, and groundwater function zoning. In order
to evaluate the danger of pollution in the Beijing Plain, Chitang et al. (2012fombined
groundwater value, a modified DRASTIC model, and hazard quantification. To assess
groundwater quality and identify the sources of contamination in the Lalin River basin in
Northeastern Chin&hen et al. (2019)sed principal component analysis, modified grey relational
analysis, absolute principal component saordtiple linear regression, and positive matrix
factorization receptor modeling. Although these traditional risk assessment models exhibit
robustnessthey often struggle in datdeprived environments, such as the Niger Delta; and also
demonstrate the necessity of a thorough method for evaluating the risk of groundwater
contamination that takes into account both inherent susceptibility and particuksescaf
contamination.
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The SourcePathwayReceptor (8P-R) model, characterized by its conceptual design, offers a
promising solution by providing a comprehensive risk profile. It envisions risk as the cumulative
product of source potency, pathway transmissivity, and recepoestibility. While individual
opensource datasets may possess limitations, their collective integration holds the potential to
effectively address and close existing knowledge gépscreate a thorough and reliable map that
illustrates the latent dangerelated to groundwater pollution by hydrocarbons, this research
attempts to investigate the integration of heterogeneous datasets. Therefore, to improve the
comprehension of possible contamination hazards, the study aims to create an integrated
framewok using opersource data.

2 The Niger Deilat abrReedgfi oorv e(rND RR)w

The NDR comprises of nine states in the southern part of Nigeria and is located on the east of the
Gulf of Guinea. It is an easy to drill terrain, with considerable groundwater potential and
hydrocarborprolific region, with several interconnected pipesinehich result in environmentally
degrading incidents such as oil spills (Figure 3.1). Just like many deltas, the course of the
waterbodies like channels and creeks are constantly altered due to consistent erosion and
deposition. Artisanal farming and fislg are the principal occupations in most communities.

The Niger Delta formed due to the accumulation of fluvial and marine sediments since the upper
Cretaceous period and consists of three main formations, namely topmost Benin, middle Agbada
and bottom Akata Formations. The Benin Formation is the uppermgst ¢geologic layer
comprising significantly of variably thick multiple layers of sand, discontinuous clay, peat/lignite
and conglomerate, thus resulting localized aquifers or hydraulically interconnected aquifers
(Akinwumiju et al., 2020; Ojoboh, 2020; Raimi et al., 2021; Raimi et al., 20&19 aquifers,

when confined, are generally shallow, ranging from close to the surface to 10m below the ground
surface, and fluctuate seasonally. In recent times, groundwater has become crucial to the region as
most of its residents depend on it as a nsaiarce of potable water. shallow sources. Residents
access these aquifers via indiscriminate and randomly sitedduandiells with diameters of
around 60 cm and/or shallow boreholes of about 30 m deep, manually or with pumps.

The majority of the settlements in the area are tiny, dispersed hgBdetset al., 2017b)wvith

nearly 31 million people residing in this region within 13, 231 rural and 98 urban settlements
respectively(Wekpe et al., 2022)with a heavy dependence on the land and natural resources for
their livelihoods, especially agriculture, which includes farming and fis{thagn et al., 2017a,
2017b) However, the ongoing environmahdegradation and depletion of economic resources in

the NDR births fareaching socieeconomic challenges (including unemployment, conflict,
poverty, insecurity and migration) as many peasant farmers and fishermen are grossly impacted
by the loss of farnainds, vegetation, wildlife, biodiversity and various ecosyst@ugbonifo,

2022; Sam et al., 2017a; Wekpe et al., 2022)
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denote population density. Here, the Australian standard was recalibrated to suit Nigeria and
modified after Ofem (2012). Superimposed on this are key features pertinent to groundwater
contamination risks: th extensive pipeline network (denoted by lines), oil spill locations, and oil
production wells (both shown as symbols).

3 Data and Met hod

The method utilized the SourcBathwayReceptor (8P-R) linkage, involving multiple criteria
analysis for assessing the environmental ({B&numabh et al., 2016; Sam et al., 2017b; Sun et al.,
2023) The conceptualization derived from examining the interplay between contamination
sources, their migration pathways, and the impacted receptors, providing a structured approach to
risk assessment.

Given the absence of readily available datasets encompassing sources, pathways, or receptors,
proxies have been adopted to characterize source potency, pathway transmissibility, and receptor
susceptibility. Utilizing a multistage decisionaking process wolving literature review and
scientific logic, fourteen parameters were identified and classified according tePHRerodel

(Table 3.1). These parameters were selected based on various previous research and publications
that engender risk mapping, gralwater potential, groundwater contamination and flood mapping

as all these have significant relationships with the focus of sBetySM for more informatioon
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how thePrincipal Component Analysasnd correlation analysi®®CA T Figures Al1.1. & Al.2,

Table Al.1)confirmed thathe fourteen criteria were all important and not overly inédmted.
However, theesultsalso indicate thiaPCs1i 10 may be adequate for performing the MCigk

analysis, especially in areas with limited datasets or where time is ciRelative weightings

were assigned after normaliimonto ensure weights sum to 100% or 1 e thematic layers
wereresampled into 30 m resolution., allowing for easy comparison and aggregation of factors
(supplementary material Figure S.1 in Appendix 1 for moraildgt It attempts to quantify the
relevance and contributions to a specific parameter, when compared with other contributory factors
(Tonidandel et al., 2009f hes e wei ghtings were based on the
comparison with those used by other authors in related concepts, thus they represent the level of
significance the authors deem appropriate for each parameter. The subjective natumolthis

serve as a limitation, as is common with mahiteria decision analyses. Normalised parameters
were assigned weights ranging from 0.1 to 1.0, indicating their relative importance. The inverse
(x-1) of the thematic layers were utilized to depi@ thverse relationship between such criteria

(x) and the parameters being analysed. However, in such cases, the initial actual values were
inversed, then normalized, as depicted above.

The fourteen criteria were grouped into three main clagsgsré 3.2, viz: Source Potency (Sp),
Pathway Transmissivity (Pt) and Receptor Susceptibility (Rs). Sp describes all the factors that
could impact on the source properties, while Pt refers to all the criteria that could influence the rate
at which the oils could peetrate and infiltrate into the subsurface, especially into the groundwater
system of the area; and Rs describes the human susceptibility to contaminated groundwater and
the resulting impact of such on the health of the human population (Figurés&3lin Appendix

1).

The final scores for each component (Sp, Pt, and Rs) were computed and integrated to generate
the final overall regional risk map.
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Volume  of Increase in volume and/or frequency 20 . é’

spill (Vs) spills at the same location would res nsy
in a rise of the risk of groundwater to 5c<o

o . . o w
) contamination (Sam et al.,, 2017t TE5 Q2 o
Wekpe et al., 2022}herefore a direc .5 % = o

relationship is assumed to exist. fZU a é
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Pathway Transmissivity

i Pt

Type of spill Generally, contaminants that last lon

(Ts) in the environment are harder
degrade, with higher mobility ar
toxicity (Zhao et al., 2018) It is
assumed in this research that crude
are denser and more persistent in
soil/environment than the refined o
(Martinkosky, 2015) Thus, crude oil:
will increase risk of groundwatt
contamination while refined oils wou
act as volatles and impact t
air/atmosphere.

Euclidean

distance to oi the risk of groundwater contaminati

spill site (Ss) as  proximity to  sources  «
contamination or hazards such as ¢
sites would increase the rigRjjur &
Mogheir, 2020; FeBaffoe et al., 2024
Sam et al., 2017b)

Euclidean  The greater the distance from
distances t« pipeline network, another possit
oil pipelines source of contaminants, then the |

(Pp) the potency of the spillFeiBaffoe et
al., 2024; Sam et al., 2017b; Zhao et
2018)

Euclidean Proximity to oil wells would positivel

distances tcimpact on the potency of the spill

oil wells these could act as the source of ¢

(Ow) (FerBaffoe et al., 2024; Zhao et ¢
2018)

River Closeness to surface water syste

proximity decreases potential for contaminat

(Rp) to percolate along with water as ther

higher tendency for flooding in sus
locationgAllafta & Opp, 2021) Also,
these areas are groundwater dischi
zone(Hoque et al., 201740 unlikely to
act as recharge areas for aquifers.
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Drainage
Density (Dd)

Precipitation
(Pr)

Land
Use/Land
Cover (Lc)

Dense drainage increases the rate 10
groundwater infiltration and therefor
the potential for  groundwat:
contamination. The higher the val
the higher its likely impacfAllafta &
Opp, 2021; Brindha & Schneide
2019)

In the Niger Delta region, high rainfe 10
is experienced, normally  x
mm/annum. Amount and intensity
rainfall is assumed to exhibit a dire
relationship with the possibility ¢
groundwater contaminatioffllafta &
Opp, 2021; Eisenhauer et al., 20
Godfrey et al., 2005)

The type of use the land is put to co 10
impact on groundwater contaminatic
Dense vegetation not only impedes
runoff of contaminants, increasing th
infiltration (Allafta & Opp, 2021;
Brindha & Schneider, 2019; Ericksc
1997) and potential to contamina
groundwatefGomez et al., 2017)but
also interacts with hydrocarbor
affecting their mobility through th
soil.

Percentage ¢ The higher the sand content, the hig 20

sandiness
(Sa)

Elevation

(EI)

the effective porosity and permeabil
(Allafta & Opp, 2021; Lee et al., 200
which will induce a spike in the risk (
groundwater contamination.

It is assumed that the lower/flatter 1 10
elevation, the greater the potential
groundwater to be accumulat@gjur

& Mogheir, 2020; Youssef et al., 202
and consequently impacted.
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Receptor

Slope (SI)  The lower the slope angle, the less 10
steepness(Ajjur & Mogheir, 2020;
Youssef et al., 20223nd therefore th
higher the residence time for oil spi
and easier it becomes for contamine
to reach groundwater system.

Derived from
DEM (United
States Geological
Survey, 2022)

Depth to The higher the water table, then - 20 g
water table closer the groundwater is to the surfi E D W
(Wt) and therefore the higher its risk :?3 B %
contamination(Zhao et al., 2018)in & % =
this case, by oil spills. E a ®
© Population The higher the population ai 100 )
s (Pd) population density, the higher the tc S
= impact on and of groundwat c
%_ contamination (Al-Hashimi et al. :Dg
o 2021; Brindha & Schneider, 201 o
% Chinyelkejiunor et al., 2021) «

3.1 Source Potency Sp

Source potency is conceptualized as a function of five key parameters: the volume (Vs) and type
of spill (Ts), alongwith distances to spill sites (Ss), pipelines (Pp), and oil wells (Ow) &9. 1

This equation reflects the integration of both physical and spatial attributes of spills, offering a
comprehensive view of the risk they pose to the environment.

YR QoiYRYR i véééééééééééééééééééééé. Eq. 1
YR Tewi TRY(I TRYi TON THOL ééééééééééEqQ. 2
Where"Yi 01 ada QioOD dda & aYi
01 01 ada QoD dda & in

00 01 ada QoD dd & o
This multifactorial approach determines source potency based on the understanding that each
parameter uniquely contributes to the environmental impact of a spill (Table 3.1). The weightings
signify aut hhesignficare®f each fartorsaften aonsidering and comparing those

used by previous researchers in related risk mapping. The volume of a spill directly correlates with
the risk of groundwater contamination, with larger volumes posing greater threats. Similarly, the
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type of spill is crucial, as crude oil significantly increases the risk of contamination compared to
more volatile refined oilsWekpe et al. (2024knd(Wekpe & Idisi, 2024mphasize the impact

of quantities and frequencies of spills in clusters aiding oilspill hotspot regions and stress on
vegetation whileEl-Alfy (2024) & FeiBaffoe et al. (2024)insinuate that some fuels (crude oils

like total petroleum hydrocarbons TPHs & polycyclic aromatic hydrocarbons PAHS) have more
residence time and therefore higher probability of contaminating groundwater than volatiles. The
spatial parameters, includimoximity to spill sites, pipelines, and oil wells, are critical. Closer
proximity typically translates to a higher risk of contamination, emphasizing the importance of
spatial dynamics in environmental risk assessn&arn et al. (2017kgmphasise the importance

of proximities to various facilities such as spill locations and pipelines in likelihood of exposures
during riskbased assessments.

3.2 Pathway Transmissivity Pt

The migration potential of contaminants, or pathway transmissivity, is determined by eight key
factors: percentage of sandiness (Sa), water table (Wt), elevation (El), slope (Sl), river proximity
(Rp), drainage density (Dd), precipitation/rainfall (Pr) &ml us/land cover (Lc) (Eq-4). These

criteria can aid or hinder the recharge of groundwater along with contaminants. Since infiltration,
groundwater movement, and flooding events are considerably related to groundwater
contamination (Table 3.1), thefactors were integrated together as the degree of transmissivity
of the pathway materials depends significantly on them and their interadtioaddition to
extracting weighting and scoring choices from experts and practitioners like geologists,
hydrologists, environmental managers, policy makers, environmentalists, and scientists studying
plants and animals, expert opinions were also gatheveddources of existing literature.

00 "Q Y FOBYRYFOB ) (¢ é éééééééééééééééééEq. 3
00 TMYH MPOa TYa 1YR TPOQ mpd 1 ™0 ® TQYwD ...Eq. 4
WhereOda 0 &1 a @ "Qi0OD dar & (o

Yo O 0£1 GO QNOOD G & A¥a

YOO 01 d0Od Qod® éa & T d

3.3 Receptor Susceptibility Rs

Receptor susceptibility to environmental contaminants can be influenced by a range of factors,
including age, sex, soceconomic status, and health condition, as highlighte@Sayn et al.,
2017b) However, due to the limitations of available data, we focused on population density as the
sole parameter. A higher density implies a greater total impact (E). &cknowledging that
human density variations directly affect contamination risk. ThusdBfed as a function of
population density, allows for the assessment of human vulnerability based on proximity and
density relative to contamination sourdespert information and knowledge taken from numerous
published studies were investigated iderto assign suitable weights to the various evaluation
criteria.

,,,,,,,,,,,,,,,,,,,

Yi Q0Q éééééééée. .. eééeééééeééeé&&Eqs
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,,,,,,,,,,,,,,,,,

Yi BOQéééééééééé. . 66é6éb6ébééééééééééé Eqb

Where:

BOQ MO MOUQ MEOUQ 0QééééééééééééééEq. 7

This approach, while simplified, offers valuable insights into the generalized potential impact of
environmental contaminants on human health within the constraints of the current data. A range
of population density (Pd) is utilised, where natural vegmtatiwith no human habitats
(with 0 'Q ) is believed to be of zero susceptibility; villagés'@P<Pd <100) is believed to be
about 25% more susceptible; parban regionsl( 'Q ; 100<Pd<200) is weighted to be three times

more susceptible than the villages; and urban regior®; (Pd>200) are assumed to be of peak
susceptibility to impact of hydrocarbon contamination in groundwater.

The categorisation of population density, and thus receptor susceptibility, is informed by global
standards, albeit adjusted to reflect the local context of Nigeria. For the purpose of this study, the
population density standards applied are less stririgantthose of more densely populated and
expansive nations such as India and the USA. In India, urban areas are defined by densities
upwards of 396 persons per kfhdng, 2001) while in the USA, urban densities are considered

to be 620 persons per km2 or gregtdcDonnell, 1990) These benchmarks are recalibrated for
Nigeria, taking into account the country's less extensive land area and population distribution
(Ofem, 2012)In this case, that of Australia as state®@fem (2012)was adapted and recalibrated

to fit Nigeria situation such that population densities of 0, <100,71@80 and >250 were
classified as natural reserves, rural, {pebian and urban areas respectively.

3. 40ver al |l Ri sk and c¢cl assifications

The final scores for each component (Sp, Pt, and Rs) were computed and integrated to generate
the final overall risk score (R in EqQ. 8). This method adheres to the principle that risk (R) is a
product of hazard, exposure, and vulnerability, ensuring a m@rapsive assessment of
environmental risks.

/////////////////////////

Y YR OO YEééééébébébcébebébébébééééééé. 6Eq. 8

This methodological framework offers a detailed and reproducible approach for assessing
groundwater contamination risk in the Niger Delta. It enables future researchers to apply similar
analyses in other contexts. Normalization of values ensures thairthefshe weights equals

100% or 1, facilitating easy comparison and aggregation of factors, and keeps the overall risk score
between 0 and 1. Additionally, this approach delineates interactions/overlaps between Sp, Pt, and
Rs, identifying areas where riskould escalate under changing conditions.

Determining cutoff values to classify the Niger Delta into low, moderate, and high groundwater
risk zones was a nuanced process. The overall risk scores, while quantitative, represented relative
rather than absolute risks. Initially, the Jenks naturalksrezethod Chen, 2013wvas employed

for zoning, optimizing the arrangement of overall risk scores into categories that minimized
variance within and maximized variance between classes. However, given the relative nature of
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risk scores, refining these classifications to reflect the complex realities of the Niger Delta required
further steps.

To ensure the relevance and accuracy of our risk zones, we aligned our initial statistical
classification with documented higlsk areas identified in prior literature, including significant
sources such as the UNEP report on OgonilaidEP, 2011)and studies bysiadom and Tse
(2014)andAkinwumiju et al. (2020) This literaturebased validation and adjustment process was
crucial for accurately mapping areas affected by hydrocarbon pollution and contamination.

The final risk map, informed by both the Jenks natural breaks and literature insights, provides a
comprehensive view of the Niger Delta's vulnerability to groundwater contamination. It not only
corroborates known areas of environmental risk but also mepeaviously unidentified zones of
concern. This approach ensures that our methodological framework, while detailed and
reproducible, is also grounded in the contextual realities of the region, offering a valuable tool for
future research and interventiplanning.

4. Resul t s

4.1 Source Potency

Spatial variation in source potenicglerived from the cumulative impact of spill volume and type,
in conjunction with proximity to spill sites, pipelines, and oil wéllmdicates that over 50% of
the landscape is under threat from hydrocarbon contaimin@igure 3.3a).

In terms of geographical extent, 48% of the Niger Delta Region (21,000 km?) is demarcated as low
source potency. These areas predominantly encompass the parts of Ondo and Delta states, extend
into the northern reaches of Edo, the southern regions oflimeputhwestern quadrant of Rivers,

and span across the major portions of Bayelsa and the entirety of Akwa Ibom state. The moderate
source potency zones cover 39% of the region (17,000 km?), while high source potency areas,
which are intimately associatedith extensive pipeline networks and historical spill sites,
constitute 13% (6,000 km?2). These higék zones are primarily concentrated in significant parts

of Delta and Rivers states, with some impacted areas within Bayelsa.
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focuses on a) Source Potency: Over 50% of the region displays moderate to high levels of
hydrocarbon contamination risk, with red zones indicating the highest intensity. b) Pathway
Transmissivity: The map highlights that approximately-thicds of the region has moderate to

high pathway intensity, with the most permeable and transmissive materials depicted in red,
significantly facilitating water and contaminant infiltration. ¢) Retor Susceptibility: The map

is showing over 50% of the region with moderate to high population densities, primarily-n peri
urban and urban areas, marked in red coincides with higher receptor susceptibility. On the right,
this tri-panel figure synthesiseahe interactions between source potency, pathway transmissivity,
and receptorsusceptibility d) Source Potency and Pathway TransmissivityR§pnteractions:
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Depicting areas with heightened potential for hydrocarbon pollutants to reach groundwater. The
red zones highlight regions of significant overlap, which could become risk areas despite currently
negligible receptor susceptibility due to low population dess e) Receptor Susceptibility and
Pathway Transmissivity (R2t) Interactions: Visualising areas where high infiltration capacity
coincides with dense populations, indicating potential hotspots for contamination. The absence of
oil spills reduces curnet risk levels, but areas in red represent intense interactions that could
rapidly become highisk zones if hydrocarbons spills occdly. Source Potency and Receptor
Susceptibility (SfRs) Interactions: Overlaps in this panel indicate current low pathway
transmissivity that may limit contamination risks to groundwater. Areas in red denote the most
significant interactions.

4.2 Pathways Transmissivity

The spatial analysis, which synthesises the interplay of eight morphological parainetaensi
content, elevation, slope, proximity to rivers, drainage density, rainfall, land cover, and
groundwater leved has yielded a nuanced map of pathways transnitisslepicting the fluid

and contaminant migration potential of the regions (Figure 3.3b). This map is a demonstration to
the complexity of subsurface, delineating the variance in permeability and, consequently, the
potential for oil spill hazard progressio

The directional spread of transmissivity begins in the northwestern sector with Edo state, where
the prevalence of red indicates high pathway transmissivity. As one traverses southwards and
eastwards, a transition is observed, with Delta, Rivers and atesstisplaying a mix of moderate

and high transmissivity zones. Further southeast, the states of Abia and Akwa Ibom also show
significant areas with moderate to high transmissivity, aligning with the broader pattern observed
across the region. Notably, @pximately 20% of the region, predominantly these states,
demonstrates a high propensity for pollutant percolation, with subsurface materials conducive to
rapid fluid movement. Conversely, the lower transmissivity zones, indicated by green, are more
pronainced in the coastal and southwestern areas, particularly within Bayelsa, and parts of Rivers,
and Delta states. These areas, constituting about a third of the region, exhibit subsurface
characteristics that are less conducive to the mobility of contatainBime lower transmissivity

areas coincide with regions that exhibit a denser clay composition, reduced drainage density, and
flatter geomorphology, which collectively impede the migration of contaminants.

4. 3 Receptor Susceptibility

Receptor susceptibility in the Niger Delta Region directly stems from dependency on groundwater
by the population, a vital resource imperiled by the widespread hydrocarbon contamination. The
population density map (Figure 3.1) provides a proxy measutlifosusceptibility, with more
densely populated areas reflecting a heightened potential for human exposure to environmental
hazards. The analysis of receptor susceptibility was refined through a grading system where
population density was proportionatelyeighted, asserting that higher densities amplify the
susceptibility index (Figure 3.3¢Jhe map reveals that around 22% (9,908kvhthe region falls

within moderate to high receptor susceptibititegories, typically associated with urban or-peri
urban areasThese higher vulnerabilities are especially prevalent in the central locales of Edo and
Delta states, as well as in the northeastern sections of Rivers and Bayelsa, extending into
significant portions of Akwa Ibom and Imo. In stark contrast, areas su€mdo and peripheral
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zones of Edo present lower population densities, with vast expanses of nature reserves and rural
villages.

4.4 I nteraction Between Risk Components

The data analysis further explored the interplay between two risk components at a time, across all
three potential combinations: Source Potency and Pathway Transmissivity, Source Potency and
Receptor Susceptibility, and Pathway Transmissivity and Rec8pgweptibility (Figure 3.3, d

f). These dual interactions not only shed light on the contribution of the third component to the
total risk but also highlight the spatial significance of that component.

The intersection between Source Potency and Pathway Transmissivity (Figure 3.3d) reveals spatial
variability in the merged score. Regions where both source potency and pathways are
transmissivé indicating a higher potential for groundwater contamindtiare shown. Moderate

to high merged scores (36%; 15,000 km2 to 10%; 4,000 km?) were observed across the Niger Delta,
particularly in significant areas of Delta, Imo, and Rivers states, as well as the northern and
southern regions of Abia. Conversely, the herh parts of Edo, southern Ondo and Imo, western
Delta, and most parts of Bayelsa and Akwa Ibom states show low interactions, accounting for
approximately 54% of the area (23,000 km?).

The overlap of Receptor Susceptibility and Pathway Transmissivity highlights regions with a high
capacity for infiltration within populated areas. Approximately 10% (4,500 km?) of the NDR is
characterised as moderate, and 11% (5,000 km?) as high foinbtesetion scores. These span
substantial portions of Akwa Ibom and Abia, the northern parts of Imo, central Delta, western Edo,
northeastern Bayelsa, and the north and northeast of Rivers state (Figure 3.3e). In areas without
oil spill events, other coatninants such as surface chemicals, and even septic tanks can serve as
alternative sources of groundwater contamination.

In the case of Source Potency and Receptor Susceptibility, higher merge scores are mostly
confined to Delta and Rivers states (Figure 3.3f). Around 17% of the Niger Delta Region
corresponds to moderate (6,000 km2) to high (1,500 km?) interaction zone® ifbkide the
northern reaches of Imo and Abia, central and northwest Delta, central, northern, and southeast
Rivers, and northwest Akwa Ibom. These areas potentially represent high human health risks, not
only through groundwater contamination but als@tigh direct exposure via inhalation, dermal
contact, and other pathways.

4.5 Overall Ri sk Map

The synthesis of the multicriteria analysis with the sopathwayreceptor (SP-R) framework
culminated in the generation of an Overall Risk Map for the Niger Delta Region (Figure 4). This
map delineates the spatial distribution of groundwater risk Z@&M¥4RZ) based on a composite

index derived from the interplay of fourteen parameters encompassing source potency, pathway
transmissivity, and receptor susceptibility.

The risk inde® a product of the aforementioned factonwas computed for each pixel within the
study area, yielding a dimensionless map. This map was subsequently categorised into regions
representing different levels of GWRZ, reflecting the cumulativedoatbon contamination risk
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each area faces. The map reveals that a portion of the region, encompassing 13% (5,000 km?),

exhibits moderate GWRZ, while a smaller yet critical 3% (1,400 km?) is characterised by high
GWRZ. These highisk zones are prominently located in central antheon Delta, northern Imo,
northwest Akwa Ibom, north and south Abia, eastern and northern parts of Rivers, northeast
Bayelsa, and northwest Edo, with scattered patches observed throughout these states.

In stark contrast, most of the region, approximately 84% (35,000 km?), is identified as low GWRZ.
This predominantly encompasses significant expanses of Ondo, Edo, Delta, Bayelsa, Akwa Ibom,
and Imo states. The red regions on the map signify areas otigbstersection among the risk
components, indicating the highest susceptibility to groundwater contamination risks.
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1 SolhuePa e hvveayept or Model for Regional

The employment of the sourpathwayreceptor (SP-R) framework(EA., 1999)in a regional
context, as demonstrated in this investigation, marks a novel approach to evaluating groundwater
contamination risk due to oil spills within the Niger Delta. This study's integration of source
potency, pathway transmissivity, and receptacsptibility (Sp, Pt & Rs) transcends traditional
analyses by illuminating the interactive dynamics of contamination risk. Our findings elucidate
that risk is not solely contingent upon the presence of contamination sources but hinges on the
interplay amog all three SP-R components.
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The utilisation of the $-R model has delineated distinct risk zones, with a pronounced emphasis
on areas exhibiting absolute parameter interactions (Figure 3.4). These regions of heightened risk,
notably within the Delta and Rivers states, correlate wigkorical spill incidents and extensive
petroleum infrastructure, necessitating prioritised remediation efiédkiswumiju et al., 2020;

Sam et al., 2017b; Umar et al.,, 2019; UNEP, 2011; Wekpe et al., 2082¢ontrast, areas
characterised by sourgathway (SP) connections may not present immediate risks but signal
potential future concerns, contingent upon an increase in receptor activity. This is also consistent
with research byVekpe et al. (2024bMba et al. (2019 Ugwu et al. (2021yho discovered

that the majority of oil spill interdiction happens at pipeline locations used to carry refined goods
and crude oil from oil fields to export terminals. Furthermore, our research acknowledges the
possibility of hydrocarbon exposure througternative pathways in regions with soureeeptor

(S-R) linkages (Figure 3.3), corroborating with prior documentation of oil pollution and associated
inhalation, and other exposure rigkgiyanwu et al., 2023; UNEP, 201Bathwayreceptor (P

R) associations suggest vulnerability to a spectrum of contaminants beyond hydrocarbons, a
scenario evidenced in segments of the delta wherepatmnleumbased pollutants, such as
wastewater and pesticides, have been ident{idxlelShafy & Mansour, 2016; Olalekan et al.,
2021; Olalekan et al., 2018; Olalekan, 2020; Olalekan & Emman, 2020; Ozoemenam et al., 2018)

While the SP-R model is a staple in contaminated land management within the UK, primarily
within smaltsite applicationgSam et al., 2017aits adaptation to the scale of this study represents

an unique extension. Historical precedents in NDR such as the investigations of oil spill events by
Akinwumiju et al. (2020pnd the geospatial distribution analyse®)ofar et al. (2019have not
employed the #-R framework to assess hydrocarbon spill risks on groundwater quality. Our
investigation reveals that risk zones emerge not merely from the presence of a contamination
source but from the intricate interactions of all threleB elements. The innovative employment

of opensource data proxies and multifaceted datasets further enhances the model's applicability
to largescale environmental assessments.

5. A2 propri akfP-R neppr wmdcs and overall ri sk

The selection of pertinent factors in environmental risk assessments, such as those for flood
mapping, often lacks uniform consens{i®hrany et al., 2014)Nevertheless, the variables
integrated within this study for assessing groundwater contamination risk from oil spills have been
widely adopted in related fields, including flood and groundwater potential mapping, underscoring
their relevancéBenjmel et al., 2022; Benjmel et al., 2020; Dar, 2021; Mukherjee & Singh, 2020;
Parsian et al., 2021; Phong, 2021.; Regmi et al., 2022; Tehrany et al., AZbiESE issues share
commonalities with oil spill disaster mapping, where the sepatbwayreceptor (SP-R)
framework is particularly apt. Key factors such as slope, proximity to rivers and spill sites, drainage
density, land use, and elevation weresgrodue to their established correlation with both geology
and groundwater vulnerability (Figure 3.2, Table 3.1).

The derived overall risk map illustrates the spatial distribution of risk across the delta, pinpointing
high-risk zones predominantly in the central regions, in contrast to theid&wareas in the
northern and southern areas (Figure 3.4). The employofetite SP-R approach within a
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multistage, multicriteria decision analysis has proven substantial for delineating areas prone to
contamination.

Despite the strength of theFSR model, inherent uncertainties persist, stemming from raw data
quality, data processing, criteria selection, and threshold determination, as suggetyal, by
2020a, 2020h.)To fortify thefindings and mitigate uncertainti€gheng et al., 2021; Zheng et al.,
2022) recommend augmenting thePsR approach with additional techniques to yield more
comprehensive outcomes, especially in future remediation endeavours. Validation and sensitivity
analysis are also advocated (dWukherjee & Singh, 2020 address potential subjectivity and
biases, particularly those introduced through expert judgment influencing parameter weightings.

Correlating our risk assessment results with existing groundwater quality reports, areas classified
as moderate to high risk coincide with locations reporting hazardous concentrations of
hydrocarbons, including benzene, PAHs, and TRAknfor et al., 2014; Amangabara & Njoku,

2012; Egirani & Chidi, 2023; Egirani & Alaowei, 2024; Egirani & Dagalpek, 2023; Lindén &
Palsson, 2013; Lubi & Akinluyi, 2022; Nwankwoala & Mzaga, 2017; Raimi et al., 2022; UNEP,
2011) Notably,Akinwumiju et al. (2020yliscerned a relatively low incidence of oil spills across

the Niger Delta Region, potentially attributable to the integration of limited datasets and a
predominantly statistical approach. While their research did not focus on groundwater risk, they
identified Rivers and Bayelsa states as areas of concern for spill incidents, corroborating with our
findings of heightened source potency and thus elevated risk. Significantly, our study demonstrates
the presence of both pathway transmissivity (Pt) and recepsmeptibility (Rs) in these same
regions, which were identified as exhibiting moderate to high risk of spill incidents, with corrosion
highlighted as a principal causal factor. This convergence of all thwe&k Somponents
establishes a comprehensivakige, underscoring the risk these areas face.

Another study byUmar et al. (2019highlighted hotspots in Rivers, Bayelsa, and Delta states
through spatial analysis of previous spill events but did not extend their scope to groundwater risk
implications. In contrast, our study expands upon this foundational work by applying the source
pathwayreceptor (SP-R) model, which incorporates a holistic view of how oil spills can
potentially impact groundwater quality. Whilégmar et al. (2019)provided valuable spatial
insights into spill occurrences, our approach integrates these insights with#P4Reér@mework

to assess the interconnectedness of spill sources, environmental pathways, and vulnerable
receptors. This comprehensive methodglogt only reaffirms the relevance of the identified
hotspots but also enhances our understanding of their potential environmental and public health
impacts.

5.3lmplications for groundwater sustain

In this research, various opensource datasets were utilised such as historical spill data from
Nigerian QOil spill response and Detection Agency (NOSDRA), elevation and other related data
from the USGS website, population data from the landscan websitgtatiwater level from

published articles (Table 3.1). Each dataset on its own tend to be poor and insufficient in providing

a wholesome and accurate picture of the specificities of the Niger Delta region and would
otherwise be unreliable. This is espéigirue for the historical data on oil spills as there exists a

di sparity between datasets from the Nigerian

68



reports/perspective§Sam et al., 2017b; Wekpe et al., 202R) other words, a significant
uncertainties revolve around some of the datasets, however, output of integration of these dataset
can provide real insights with improved reliabil{yalla Valle & Kenett, 2018)

Due to insecurity in NDR and lack of a systematic, accessible and frequently updated database,
direct measurements of oil spill risk assessments may be impossible in the Niger Delta. This
necessitates the formulation of efficient, eeffective frameworksowards mitigating the risk of

oil spills impacting its groundwater qualityhe current study was able to detect and present the
most important conditioning parameters for groundwater contamination from oil spill events, as
well as the most oil spill vakerable areas. This indicates the need for further investigations,
especially with relation to groundwater quality should be paramount in southern and central parts
of the delta, within states such as Delta, Abia, Akwa Ibom, Imo and Rivers.

This risk mapping research offers a preliminary, lesgale assessment and insights; therefore,
researchers can use these result§@snalation for further investigations and studies. The findings

can serve as a valuable resource for understanding the specific risks and vulnerabilities in each
area; and are highly replicable in other oil producing deltaic environments. It can also aid
governmental agencies in making informed decisions and allocating resources such as remedial
activities, early warning sgems, emergency response protocols and appropriate lebased
legislation(Adeniran et al., 2023; Sam et al., 2017bgould also help to signpost areas to engage

in vital communitylevel awareness and advocate for improved protective measures; while
considering alternative potable water sources such as deeper borehole which is likely to be in
separated from the shal contaminated flow syste(floque et al., 2017[Effective collaboration

and proactive actions between all stakeholders, including government entities, researchers and
individuals will considerably reduce the potential harm and preserve the health abeivwglbf

both the communities and the ecosysie

o . Concl usi ons

In this study, the SoureeathwayReceptor (SP-R) model, augmented by a multilevel,
multicriteria analysis, has been employed to assess the risk of groundwater contamination due to
oil spills in the Niger Delta Region (NDR), Nigeria. Through the innoesatitegration of fourteen
thematic data layers, this research delineates the NDR into low, moderate, and high groundwater
risk zones, uncovering areas previously unrecognized as vulnerable to contamination. Our findings
reveal the critical interplay betweesource potency, pathway transmissivity, and receptor
susceptibility, offering new insights into the spatial dynamics of environmental risk within the
delta. This underscores the necessity for further research into the actual groundwater quality within
the Niger Delta Region, particularly advocating for lasgale screening of groundwater quality

to identify contaminated areas and prevent usage. For instance, it was revealed that about 52% of
the NDR ranges from moderate to high source potency, whileoB@3 region exhibits moderate

to high pathway transmissivities and about 78% of the NDR suggest low receptor susceptibility
levels. The final risk map suggests that about 16% of the region falls within the moderate to high
groundwater risk zones and migiencompasses the central and eastern parts of the region.
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High-risk zones prone to oil spills were pinpointed, providing essential information for the
monitoring, remediation, and management of groundwater resources in the Niger Delta and other
oil-rich regions. To ensure the reliability of our findings, the paidisk maps were validated
against previously published works, addressing potential limitations of the individual datasets. The
study identifies moderate to higlsk zones, especially in Rivers, Bayelsa, Delta states, and low
risk areas in Ondo and sifjnant portions of Edo, Bayelsa, and western Imo states.

By applying the SP-R model to a complex and ecologically sensitive region, this study not only
advances the field but also sets a precedent for futuredaege environmental risk assessments
using opersource data.

The risk maps produced by this study provide valuable insights into the potential groundwater
pollution caused by oil spills, but they also emphasize the need for additional research. Therefore,
recommendations include assessing the actual groundwatéy quiin the NDR, estimating
prospective spill areas, and conductingdepth reviews of present spill sitesdetermine the

urgent need for targeted and timely cleamgfpions. Inorder to enhance efficacy and achieve
sustainable groundwater resourcanagement, it is advised that the present study's methodology
be integrated with other decisisupport technology.
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Abstract

Despite global regulations, the environmeniaks anddamagefrom crude oil exploration,
extraction transportationuse and storagmntinue tarise, withhydrocarbon pollutiomemaining
common. This igarticularlytrue in oilproducing developing countries like Nigeria, where data
scarcity and policy implementati@hallengesre prevalent. While sporadic data existsnpiling

and standardizing itcould provide a reliable basis for assessing rihkes and magnitude of
environmental challenges froail spills. Rivers and Imo states, identified as oil spill hotspots in

the Niger Delta Region (NDR) through spatial risk modelling using land surface vaata,
investigated to determine the actual magnitude of hydrocarbon contamination risk in soil,
sediments, and groundwateoncerning levels of hydrocarbon species (edaal petroleum
hydrocarbons: TPH, total hydrocarbons THC, extractable petroleum hydrocarbon&PH,
polycyclic aromatic hydrocarborsPAHs, benzene. Toluene, ethylbenzene and xXH@&IEEX,

and benzene) were observed, with concentrations exceeding national and global permissjble limits
often by several orders of magnitude, acraléstudiedlocations. The findings indicate a high

level of risk due to the heterogeneous lithological praffi¢he region shallow water table, and
highly porous and permeable subsurface materials, which exacerbate hydrocarbon mobility and
contaminationThe level of contamination were notably higher in the southeastern parts of the
states studiedhis poses a significant threat to sustainable development goals and human health.
These results highlight the importanceunfent screening, targeteemediation, implementing
effective policies, conducting continuous monitoring, and ensuring community engagement to
mitigate the impacts of hydrocarbon contamination in the NDR

Environmental Significance:

This study reveals critical hydrocarbon contamination in the Niger Delta, with pollutant
concentrations exceeding permissible limits by orders of magnitude. The porous geology and
shallow water table exacerbate contamination risks, posing significantsttoelduman health,
ecosystems, and sustainable development goals. By assessing the severity of contamination, the
research underscores the urgent need for screening, targeted remediation, robust policies,
continuous monitoring, and community engagemehesé findings provide a crucial evidence

base for mitigating the environmental and seemtonomic impacts of oil pollution in one of the
world's most vulnerable regions.

Keywords: Hydrocarbon contamination, risk,-gitu data, Niger Delta
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1. Introduction

The Niger Delta region, known for its extensive oil production activities, faces unique
hydrogeological challenges that exacerbate the impacts of hydrocarbon contamination. The delta's
complex geological structure, characterized by a mix of sedimentamsite@nd intricate
groundwater flow systems, makes it particularly vulnerable to pollution. Oil spills, both accidental
and deliberate, have been a persistent issue, leading to widespread contamination of soil and
groundwater. Previous studies and repdrvase underscored the urgent need for a detailed
assessment of contamination severity in this region. For instance, the United Nations Environment
Programme (UNEP) report on Ogoniland highlighted the severe environmental degradation and
health risks posedy hydrocarbon pollution. Such findings emphasize the necessity of
comprehensive evaluations to inform effective mitigation strategies and policy interventions.
Therefore, the Niger Delta Region (NDR) is undoubtedly one of the most heavily impaeted oil
producing regions in the world, facing widespread hydrocarbon contamination of its sail,
sediments, surface waters, and groundwater. Crude oil exploration and related activities have
significantly disrupted the r egecosysténss, henmm i r onr
health, and livelihood§Agbonifo, 2022; Anyanwu et al., 2023; Gabriel, 2004; Nwankwoala &
Okujagu, 2014; Olukaejire et al., 2024; Onyena & Sam, 2020; Osuji & Opiah,.2083pite
decades of research, there is still a pressing need to quantify and understand the spatial and
temporal dynamics of hydrocarbon contamination, particularly in -hgkh hotspot areas.
Accurate, localised data is critical to inform remediatioatsggies and sustainable management
practices in this highly vulnerable region.

The Niger Delta's hydrocarbon contamination risk is now being evaluated using a variety of
approaches, such as field surveys, laboratory examination of soil and water samples, and remote
sensing techniques. However, these techniques frequently have drawidading expensive

costs, poor coverage, and restrictions on spatial resolution. Ussity idata has garnered more
attention in recent years and helps to supplement conventional monitoring methods and -offer real
time insights into pollution dynamicd the local scale. Many other research also confirm that saill,
surface waters and groundwater systems of the NDR are contaminated by hydrocarbons as a result
of the intensive crude oil exploration, and related activities within the réQiaiekan et al., 2018;
Olalekan, 2020; Osuiji et al., 2006; UNEP, 20H9me of these studies have employed biological,
chemical, and physical methods to measure, visualize, and quantify hydrocarbon contamination,
while others have developed risk assessment and mapping frameworks to evaluate the
environmental impact.

A few other researchers have carried out different scales and types of risk assessment and risk
impact mapping of the NDR, suchAkinwumiju et al.(2020) Oyebamiji et al. (2022)0yebamiji

et al. (2024)Sanchez et al. (2021)mar et al. (2019Wekpe et al. (2022)Vekpe et al. (2024a)

and Wekpe et al. (2024a)These researchers identified major hotspot areas within the NDR,
especially in Rivers, Bayelsa, Imo and Delta states. Each of these establish that the delta is at high
risk of hydrocarbon contamination in both soil and groundwater. Oyebamiji et al) @d2hced

this further by developing a comprehensive risk model integrating 14 thematic data layers,
including oil spill volume, spill type, slope, elevation, proximity to spill sites, pipelines, oil wells,
streams, drainage density, mean annual pretgntaand population density. These layers were

77



categorized into source potency, pathway transmissivity, and receptor susceptibility, resulting in
the delineation of three groundwater risk zones across the Niger Delta. The study revealed that
high-risk zones predominantly span the central areas, artpritbm southeast to northwest,
effectively encircled by regions of low to medium risk located in both the northern and southern
extents of the delta. The major highk zones identified includes central and northern Delta,
northern Imo, northwest Akwdbm, north and south Abia, eastern and northern parts of Rivers,
northeast Bayelsa, and northwest Edo, with scattered patches within all these states (Figure 4.1).

While these studies provide valuable insights into the relative hydrocarbon contamination risk
across the region, they often lack direct and standardized measurements of contamination levels.
Most rely on spatiamodellingand statistical analysis of secondary data, which leaves gaps in
understanding the actual concentrations of hydrocarbon species in soils and groundwater. The
limited in-situ field measurements conducted so far are sparse in time, space, and scope, often
focusing on only a few hydrocarbepecies or sampling locations. Furthermore, the sporadic data
that does exist in various studies is presented in inconsistent units and formats, making it difficult
to compare or synthesize findings. These limitations have hindered efforts to deternime the
magnitude of hydrocarbon contamination and its spatial extent in the Niger Delta.
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of risk of groundwater contamination from oil spills using the SolaiwayReceptor (SPR)

model within a multicriteria decision analysis framework as applied by Oyebamiji et al. (2024).
Here, Imo and Rivers states can be seen to encompass modergtertskkzones, which informed

the choice of the researchers to focus on both states in this Btadigition, the location and type

of samples taken by previous authors and used for this research are displayed. For this study,
sediments and soils are tagtively used to represent soils.

This research seeks to address these gaps by focusing on two major hotspot states, Rivers and Imo,
previously identified through spatial riskodelling using land surface data (Figure 4.1). By
compiling andanalysingin-situ observations, the study investigates the specific hydrocarbon
species present in these regions, the concentrations at which they exist in soils, sediments, and
groundwater, and how these concentrations compare with national and global stangards. B
standardising and synthesising exigtsporadic data, this research aims to determine both the
magnitude and the spatial distribution of hydrocarbon contamination in the Niger Dedta.
findings will provide critical insights to guide remediation efforts, policy formulation, and
sustainable environmental management in the region.

2. Materials and method

2.1 Hotspot of hydrocarbon contamination in the NDR

Various authors have carried out different types of analyses towards zoning the NDR into different
risk profiles.Wekpe et al. (2024ajtilised the optimised hotspot analysis tdotusingon counts

and volume®f oil spills, toidentify hotspot areas within the NDicludinglmo, Rivers, Bayelsa

and Abia Similarly, Akinwumiju et al. (2020)used a Gl$hased Kernel Density algorithm to
model the spatial distribution and concentration of major oil facilities, such as wells, flow stations,
pipelines and terminals, along with oil spill events in the NQRIlineatingoil spill hotspots and
high-density zones for oil facilitied hese studies consistently highlighiRivers, Abia, Bayelsa,

Imo, and Delta stateas high-risk areador oil contamination on landJmar et al. (2019also
employed spatial oil spill distributiotechniques, combiningernel Densityand GetisOrd G*
statistics,to reveal Bayelsa, Rivers, and Delta stateshatspotsfor oil spill incidents and
distribution.

In a similar vein,Oyebamiji et al.(2022) usedthe GetisOrd G* hotspot analysis and Inverse
DistanceWeighted (IDW)interpolationto identify Abia, Akwa Ibom, Imo, Bayelsa, Riverand

Cross River states as hotspotdydrocarbon contamination in the NDRowever, while these
analyses have significantly advanced understanding of contamination hotspots, they primarily
focus on spatial pattern recognition rather than quantifying contamination risk. A more
comprehensive approach was adopte@¥pgbamiji et al. (2024Wwho conducted a risk assessment
using a noveSourcePathwayReceptor (SPRnodelin amulticriteria decisiorframework. This
integrated approaclaccounted for the causal relationships between contamination sources,
transmission pathways, and vulnerable receptors, providing a robust risk profile. Their findings
identified central and northern Delta, northern Imo, northwest Akwa Ibom, north and south Abia,
eastern and northern parts of Rivers, northeast Bayelsa, and northwest Edo states as moderate to
high-risk groundwater hydrocarbesontamination zones.
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While the methodologies and approaches differ across these sthdiesnsistent identification

of Rivers and Imo as significant hotspatsderscores the need for targeted investigation. This
research builds upon previous studies by focusingth@mse two statesintegrating imsitu
measurement® quantify the actual magnitude of hydrocarbon contamination in soils, sediments,
and groundwateBy doing so, it bridgeshe gap betweerspatialhotspot analyseanddetailed

risk assessmentsffering a cleareunderstanding of th&patial patterns, severity, and rigkshese

key hotspots.

2.2 Data compilation, Standardisation and Analysis

We compiled imsitu data for this study by gathering field measurements of hydrocarbon
concentrations in soil, sediments, and groundwater from previous publications focused on oil
pollution in the Niger Delta (Figure 4.2, Tab&1). A comprehensive literature search was
conducted across multiple bibliographic databases, including Sa@mifgience Direct. Articles
published between 2000, and May 2024 were considered, with a focus on studies providing
georeferenced data from the region. The selectionepsomvolved several stages (Figure 4.2),
including screening based on titles, abstracts, and keywords, followed by eligibility assessments.
Studies were chosen based on criteria such as data quality, temporal relevageegeayhical
coverage. Only peaeviewed articles reporting hydrocarbon concentrations in soils and/or
groundwater, and including geospatial metadata, were included in the final d¢aset
Supplementary MaterialSM).

To integrate data from diverse sources, a harmonization procedure was employed to standardize
units, coordinate systems, and measurement methods, ensuring compatibility and consistency
across the datasghdhikari et al., 2021; Patel, 2022; Vosinakis et al., 2022; Yang et al., .2017)
This step was crucial for accurately assessing the magnitude of contamination, exploring
interrelationships among hydrocarbon species, and enabling comparisons with national and global
standard¢Ciampi et al., 2022; Nelson et al., 1999)

To validate the reliability and accuracy of the compileesitn data, several measures were
implemented. Independent datasets, such as reguliands/and satellite observationga Google

Earth Prowere used for crossomparison where available. Discrepancies or inconsistencies were
investigated to identify potential errors or uncertainties. For example, water table levels reported
in some studies that appeared inconsistent with the hydrogeologaacteristics of the Niger

Delta were compared againelevation data and corrected or excluded when necessary.
Additionally, reports of groundwater table depths exceeding 10 meters were discarded, as they did
not align with published findings and expectations for the deltaic region's permeable unconfined
aquifer system, where water tables are typically sha{ldlugu et al., 2024; Hassan et al., 2019;
Ngah & Nwankwoala, 2013)

Despite these efforts, inherent limitations in thesitn data remain, including variations in
sampling techniques and analytical methods. These constraints were carefully considered during
analysis to minimize uncertainties and ensure robust conclusions.
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Figure 4.2: The Flow chart for systematic search efrious databases, with focus on Scopus
and Science DirectHowever, experts and various stakeholders were also informally consulted
for a robust, welrounded search. Eventually, only less than 0.3% of published articles were
retained based on factors highlighted in the chart.

2.3 Hydrocarbon species, standards and thresholds

To ensure consistency and comparability across the compiled dataset, six main classes of
hydrocarbons weranalysed Total Petroleum Hydrocarbon (TPH), Total Hydrocarbon Content
(THC), Extractable Petroleum Hydrocarbons (EPH), Polycyclic Aromatic Hydrocarbons (PAHS),
BenzeneTolueneEthylbenzeneXylene (BTEX), and Benzene. These classes were selected due
to their widepread use in oil pollution assessments and their distinct solubility, toxicity, and
persistence characteristics, as defined by their Equitv&@larbon Numbers (ECNETRC, 2018;
Tomlinson et al., 2017)The ECN concept correlates hydrocarbon toxicity, solubility, and
weathering properties with boiling points, allowing for classification based on environmental
behaviour Hydrocarbons with lower ECNs, such as BTEX and benzene, exhibit higher solubility
and acute toxicity, while those with higher ECNs, such as PAHs and TPH, are more persistent in
the environment but show chronic toxicity and lower solubility. These rekdtips, along with

their implications for environmental contamination, are illustraigeigureS.2 (SM).

To evaluate contamination levels, national and international guidelines were used as benchmarks.
These include thresholds from the Environmental Guidelines and Standards for the Petroleum
Industry in Nigeria(EGASPIN, 2014) the World Health OrganizatioWHO, 2021) and
CL:AIRE (Tomlinson et al., 2014)able 4.2 summarizes the hydrocarbon clagsaky/sedn this

study, their compositions, and the relevant national and international thresholds for groundwater
and soil.

82



Table 4.1: Various species of hydrocarbons, their composition and target limits from specified
national and international guidelines/standards.

Groundwater (ug/L)

TPH 10- 300 50 All petroleum hydrocarbons; ECN-129

All  hydrocarbons, (petroleum andnor

_ *

[ PR LY ol petroleum); ECN 1 29
EPH 1071 300* 50* Subset of TPH; ECN 1029

Multiple aromatic ringed petrole
ol . g hydrocarbons; ECN 1229
BTEX 0.2* 0.2* Volatile petroleum hydrocarbons; ECN %0
Benzene 0.2 0.2 Volatile petroleum hydrocarbon; ECN-Y

Soil/Sediment (mg/kg)

Rk SOSLOUR 100 Broadly, the higher the ECN, the highet

THC 507 100* 100* higher the persistence within the environr
the lower the weathering and solub

EPH 50-100* 100* Therefore, the lower the potential risk
groundwater and itsdependent recept:

PAH 1-50 40 Toxicity displays a complex relationship
high values at both low and high ECNs.

BTEX

Benzene

* Assumed values based on composition or target limit for similar dissBTEX, limit of
Benzene was used; for THC and EPH, TPH thresholds were assumed due to their similar
compositions. Also, in this study, thresholds for BTEX were calculated using concentrations of
BTEX using a Sotto-Water Partitioning Model. This is digssed in latter sections.

The thresholds specified by EGASPIN for drinking water tend to be higher than deenitsy
WHO, reflecting | ocalized consi der @omlinsan &t. Conyv
al., 2014)are higher thathose of EGASPINIikely due to differences in exposure frequency and
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pathways. These target limits were used to contextualize the contamination data and assess the
associated risks to human health and the environment.

Hydrocarbon concentrations in groundwater and soil weadysedo assess their magnitude and
compliance with the established thresholds. Data analyses, including spatial and statistical
evaluations The findings were used to examine interrelationships among hydrocarbon species,
compare contamination levels with national and international standards, and evaluate the spatial
distribution of contamination within the hotspot regions.

3. Results

TablesS.3andS.4are results of the descriptive statistics carried out on the concentration values
of the different hydrocarbon species in both soil and groundwater samples respectively.

3.1 Soill

Generally, there seem to be higher concentrations of all the hydrocarbon species in the central parts
of Rivers state. However, for TPH, its higher concentrations extend to the southeastern parts and
for THC, there are higher concentrations extendingdgstuthern part of the Rivers state (Figure

4.3). Itis also obvious from the concentration maps, TPH is more frequently measured in the area.
In addition, for all the other species of hydrocarbon concentrations reported, except TPH and THC,
there are veryew samples with hydrocarbon concentration values below the lower limit of the
target values of botEGASPIN (2014andTomlinson et al. (2014while all values measured for

TPH and THC exceed the two standards in use for this s€Eigures 4.3 & 4.4).

The median (175 mg/kg) and maximum (139000 mg/kg) TPH values are respectively about 4
and1400 times more than the values stipulated by both the upper threshold/maximum permissible
limit of EGASPIN (2014)nd the general limit specified Bpmlinson et al. (2014)See Figure

4.4). The TPH concentration exhibits a discernible pattern when grouped vertically (Figure 4.5).
The median concentration remains steady up to a depth of 3 m, after which some oscillations are
observed, corresponding to the groundwater fluctuation zone. Ttasrpist further supported by

the cumulative plots.

Figure 4.6 (a, b,)cexplore the relationship between reported TPH concentration values, distance
to nearest oibearing pipeline and elevations above sea levels, respecii®/concentrations

are highest near pipelines, decreasing with distance. No clear linear trend is observed with
elevation, but clusters of higher concentrations occuii @%metres above sea level, which may
simply reflect pipeline placement in melevation areas, without exerting any significant
influence on the range of conceatton values reported.

The median (2453 mg/kg) and maximum values (6800 mg/kg) of THC are more than 20 and 57
times above the upper limits of both standards respectively. For EPH, the median (353 mg/kg) and
maximum (17900 mg/kg) values are respectively about 9 and 179 times thieowpper limit of

both standards. In the case of PAH, the media® {h§/kg) and maximum (2282.5 mg/kg) values

are approximately 0.25, and 46 times above the upper threshold EGASPIN (2014)
respectively; and 0.6 and 57 times, beyondTtbmlinson et al. (2014bhreshold, respectively.
These reveal a very concerning and alarming magnitude of risk of hydrocarbon contamination in
these states.
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In the case of BTEX, no permissible soil limits were obtained from existing standards. However,
the minimum, mean, median and maximum soil concentrations are 0.35 mgikgmgig, 26.19

mg/kg and 574 mg/kg, respectively. Using a-soilvater partitioning model (see Supplementary
Information), these concentrations correspond to estimated groundwater concentrations of
approximately 2.05 mg/L, 4.0 mg/L, and 147 mg/L, respebtivThese estimated groundwater
concentrations are approximately 10,250, 20,G0@ 735,000 times above t&/HO, 2021)
groundwater guideline for BTEX of 0.0002 mg/L, indicating a significant potential risk to
groundwater qualitySM 2 gives supplementary Information on such estimations of groundwater
concentrations of BTEX using a St¢d-Water Partitioning ModeBecause the limits used in this
research are based on this calculation, it was not plotted on the scatterplot nor shown in the table

previously provided in this study.
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Figure 4.4: Range of values of concentration of hydrocarbons in soil and sediment samples
within the study areaThe total petroleum hydrocarbon (TPH) was analysed for, more frequently.
Distributions/Trends of various hydrocarbon concentrations by depth in soils and sediments
(mg/kg). The lowest threshold/guideline value corresponds to the lower limit of the EGASPIN
(2014) standards.
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Figure 4.5: Variations in concentrations of TPH and possible relationship with groundwater
table fluctuationsvia grouping vertically, by depth.
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Figure 4.6: Relationship/Trends between TPH and distance to nearest pipe and Elevatjon.
Relationship between TPH concentration values and Proximity to pipeline indicate that higher
TPH concentrations are predominantly found neasba@aring pipelinesyith levels decreasing

as distance from the pipeline increases. This trend suggests that pipelines are significant sources
of contamination, likely due to leaks or spilty The pattern observed between TPH concentration
values and elevation does not suggest any linear relationship.

3.2 Groundwater

Here, all the concentration values of the various species of hydrocarbons reported were above the
lower limits of the national and global threshold#sg(res4.7 & 4.8). In addition, among the
available data, the concentration is significantly high everywhere (Figufgsadd shows the
number of times each hydrocarbon specie exceeds the limits. In Figures 4.8 & 4.9, the scatter and
box plotsfor the TPH, more than half of the values reported are beyond these thresholds
(EGASPIN = 50 pg/L; and WHO = 10300 ug/L).
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For all, except the TH@nd BTEX many valuesire appearing as outliers indicating presence of
more extremealues than thexpected variation.

Figure 410 (a, b & c) gives an overview of the possible trend that may exist between TPH
concentration values and both proximity to-lodlaring pipelines and elevatioand between
elevation and proximity to pipelines, respectively. Here we see similar pattern as we observed for
soil TPH concentration, i.e., an inverse relationship between the concentration in water with the
proximity to the pipeline. However, there is tandency for groundwater flushing and
heterogeneities to be responsible for the faet tmost spills seem to have been reported at
elevations between 5 and 25 m

Here, the median TPH concentrations of 1,170 pg/L exceed the stipulated lower/minimum
permissible limit of WHO (2021: 10 with maximum permissible limit as 300 pg/L); and
EGASPIN (2014: 50 pg/L) by about 3i9117; and 23.4 times respectively. For THC &RH,

their median values (1515 pg/L and 61 pg/L respectively) exceed the lower threshgldf
(2021)by 152 and 6 times respectively; aitfGASPIN (2014)py 30 and R times respectively.

In each case, the maximum permissible limivyO (2021)is 300 pg/L, and a lower limit of 10
Mg/L. In the case of PAH, the median values (3276 pug/L) exceed the thresholds of WHO (2021,
which is 1 pg/L) and EGASPIN (2014, which is 0.1 pg/L) by approximately 3,276 and 32,760
times respectively. For BTEX and beme, their median values (69 pg/L and 1 ug/L respectively)
exceed bothWHO (2021)andEGASPIN (2014}hresholds by about 305 and 5 times respectively,
as both thresholds are of the same value (0.2 pg/L).
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Figure 4.7: Spatial relationship between the various hydrocarbon species as reported in
groundwater sampled and the spill volumes documented by NOSDRW. concentrations of
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hydrocarbon contamination are classified based on target threshold values by EGASPIN and
WHO. The inset images at the top rigi@nd corner of each map gives a clageview of the areas
where hydrocarbon contamination seems concentrated within the staly a

Figure 4.11 illustrates the variability in hydrocarbon concentrations (TPH, PAH, BTEX, Benzene,
and EPH) reported in groundwater studies over time, grouped by publication year. TPH displays
consistently higher concentration values compared to other hyboocapecies, likely due to its

more frequent measurement across studies. The other hydrocarbon species were measured less
often, reflecting a focus by investigators on TPH. No definitive temporal trend is evident, likely
influenced by differences in stuthcations, sampling methods, and reporting standards. The broad
concentration ranges underscore the heterogeneous nature of hydrocarbon contamination and the
challenges of integrating datasets from multiple studies.
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Figure 45: Distributions/Trends of various hydrocarbon concentrations by depth in
groundwater(pg/L), showing the presence of some hydrocarbon types (TPH and THC) beyond
the regionbs typi calldmnauggestsuthat TRHEaneTHC coackntraiono f 3
values have reached great depths, as high as 10 m, within the groundwater. However, PAH and
BTEX seem to be present only at shallow depths below 2.5 m.
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Figure 4.9: Range of values of concentration of hydrocarbons in groundwater samples within
the study areaThe total petroleum hydrocarbon (TPH) was analysed for, more frequently.
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Figure 4.10: Patterns between TPH concentration values and proximity to pipelines and
elevation.a) Here, higher TPH levels are observed closer to pipelines, particularly within the first
500 meters. b) Higher TPH levels are observed at lower elevations, betwie80 i) c) suggests
that most of the pipelines can be found at low elevation§ @3m.
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Figure 4.6: Variability in hydrocarbon concentrations across groundwater samples reported in
various studies, grouped by publication ye&vhile no clear temporal trend can be inferred due

to differing methodologies, sampling locations, and reporting standards, the figure highlights the
wide range of concentrations reported and underscores the need for harmonised monitoring
efforts.

4. Discussion

4.1 Widespread and Severe Soil Hydrocarbon Contamination with Ecological
Implications

The results highlight the alarming magnitude and widespread nature of hydrocarbon contamination
in soils across the study region, with concentrations frequently exceeding global and national
thresholds for soil quality and contamination levels (Figureadd34.4). This observation aligns

with earlier studiegOlalekan et al., 2018; Osuji, Egbuson, et al., 2006; Raimi et al., 2020; UNEP,
2011) which documented severe contamination in the Niger Delta. Among the hydrocarbon
species studied, Total Petroleum Hydrocarbons (TPH) stand out as the most frequently measured
and exhibit consistently high concentrations, with median and maximum valuesd&xg
permissible limits by approximately 4 and 1400 times, respectively. Other species, including THC,
PAH, EPH, and BTEX, also show elevated values, underscoring the persistent and severe
contamination of soil resources.

Spatial patterns of contamination reveal particularly high concentrations in Rivers State, with
hotspots in both central and southeastern regions (Figure 4.3). These areas not only exceed
thresholds but are also characterised by localized outliers, ifidibative of acute contamination

events such as oil spills near pipelines and other oil infrastructure. The scatterplot 4Féguire
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further illustrates thatigher TPH concentrations are predominatattated within 2000 metres of
oil-bearing pipelines,suggesting thatpipeline leaks or spillsare significant sources of
contamination.

The contamination is not limited to surface soils. Vertical distributions reveal a concerning trend,
with TPH concentrations remaining steady up to 3 m depth, followed by oscillations that align
with the groundwater fluctuation zone (Figure 4.4). Thesdirfgs suggest that hydrocarbons are
migrating beyond the surficial layers, likely influenced by lithological characteristics and water
table dynamics. While hydrocarbons like BTEX and PAH exhibit greater solubility and mobility,
allowing them to extend intthe groundwater zone, other hydrocarbons with higher Equivalent
Carbon Numbers (ECN), such as TPH, THC, and EPH, tend to adsorb strongly to soil particles,
concentrating closer to the surface. This differential behaviour underscores the complex interplay
of hydrocarbon properties, soil characteristics, and water table fluctuations, making
comprehensive management strategies essential.

The heterogeneity in contamination levels further reflects the geological variability within the
region. Highly porous and permeable soils, as seen in the lithological profile (SI/Edlre
facilitate the infiltration of hydrocarbons into subsurface layers, exacerbating the risk to
groundwater resources. This is particularly concerning given that much of the existing soil
management focuses on the top 2 m, with limited consideration of the deeper zones (up to 10

m and beyond) where groundwater fluctuations occur. The availabilify°PH data up to 7 m
highlights the need for deeper soil management practices that consider the vertical migration of
hydrocarbons.

From an ecological perspective, the implications of such widespread contamination are profound.
The presence of hydrocarbons in soil at concentrations exceeding target thresholds poses
significant risks to soil health, crop productivity, and biodiversitydrocarbons can persist in the

soil for extended periods due to adsorption onto soil particles, limited oxygen availability, and
reduced microbial activity, further complicating remediation efforts. In addition to direct impacts
on the soil ecosystem, ham health risks from dermal contact with contaminated soils and
exposure to volatile organic compounds (VOCs) are considerable. These findings are consistent
with previous studiefTRC., 2018; Olalekaet al.,2021; UNEP, 201)ithat underscore the dual
ecological and human health risks posed by hydrocarbon contamination.

The complexity of contamination patterns, influenced by geological heterogeneity and variable
hydrocarbon properties, demands tailored and regpecific remediation strategies.
Bioremediation techniques, including soil aeration, nutrient addition, aaadigpmentation, show
promise for enhancing degradation rates and mitigating contamination impacts. Furthermore,
addressing contamination hotspots near pipelines and improving monitoring practices at greater
depths are critical to safeguarding soil and gdwater resources in the Niger Delta. The elevated
contamination levels observed across the study area highlight an urgent need for coordinated
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action, integrating ecological, agricultural, and human health considerations into remediation and
land-use planning.

4.2 Persistent Challenges of Hydrocarbon Contamination in Groundwater

The results reveal widespread contamination of groundwater by hydrocarbons across the study
area, with concentrations exceeding both natigg@ASPIN, 2014)and global(WHO, 2021)
thresholds in almost all reported samples (Figures 4.7 and 4.8). The elevated concentrations,
particularly for Total Petroleum Hydrocarbons (TPH), underscore the pervasive impact of oil spills
and the urgent need for intervention. For instance, the mé&@ianconcentration of 1,170 pg/L
exceeds permissible limits by 23 and 117 times for EGASPIN and WHO guidelines, respectively.
Similarly, Polycyclic Aromatic Hydrocarbons (PAHs) and Benz@&okieneEthylbenzene

Xylene (BTEX) exhibit values far above accdpéalimits, with PAH median concentrations
exceeding WHO and EGASPIN thresholds by over 3,000 and 32,000 times, respectively. These
values highlight the alarming severity of groundwater contamination and its potential implications
for human health and egatem integrity.

The mechanisms of groundwater contamination in the study area involve both surface and vertical
migration. Oil spills, whether from pipelines or other sources, often spread over large areas via
surface water before infiltrating the soil and reaching grauaelr. However, vertical migration

from the spills is likely the dominant pathwéiynanian et al., 2017; Rice, 2022Jhe findings

from the soil contamination analysis further support this, as hydrocarbons in contaminated soils
can leach vertically into the subsurface, eventually reaching the groundwater table (Figure 4.3).
The presence of elevated TPH and THC concBobts at depths of up to 10 metres (Figure 4.8)
suggests hydrocarbons are migrating well beyond the shallow water table, indicating that
dissolvedphase hydrocarbons are pervasive in the system.

Seasonal fluctuations of the groundwater table, which range between 3 and 7 metres below the
ground surfacéNgah & Nwankwoala, 2013; Nwakwoala & Ngah, 2014; Nwankwo et al., 2023,
Wali et al., 2021) further exacerbate the contamination dynamics. These fluctuations create a
"smearing" effect, whereby hydrocarbons trapped in soil near the water table are remobilised as
the water level rises and falls, acting as a {tergn source of dissolvepghase hglrocarbons in
groundwater (Figure 4.3). This smearing effect ensures that hydrocarbons in the unsaturated soll
zone remain a persistent threat to the underlying aq@grelan et al., 2022; Ismail et al., 2020;

C-H. Lee et al.,, 2001)During periods of high water table, hydrocarbons that were initially
confined to the soil can dissolve into the rising groundwater, increasing contamination levels.
Conversely, during low water table periods, hydrocarbons casoreentrate in the soil,
perpetuating their role as a source of future contamination. This cyclical interaction between the
water table and soil hydrocarbons complicates remediation efforts and highlights the need for
strategies that address both soil and groundwater contamioatigpgrehensively.

One critical limitation of the available data is that most groundwater samples were collected from
shallow wells, typically less than 10 metres deep. This sampling bias leaves the deeper aquifer
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system undemvestigated, despite its potential vulnerability to contamination. Given the
widespread soil contamination observed and the persistence of hydrocarbons, dsadesd
hydrocarbons are likely to occur in relatively deeper groundwater ldyenste investigations
should prioritise sampling at greater depths to assess the extent of contamination more
comprehensively and determine the vulnerability of deeper aquifers.

The health implications of hydrocarbon contamination in groundwater are significant. Shallow
wells that tap water near the water table may carry concentrated hydrocarbons, posing acute risks.
Deeper wells may draw dissolwpthase hydrocarbons, leading tbranic exposure through
drinking water. Ingested hydrocarbons can cause severe health effects, ranging from liver and
kidney damage to cancer, as seen with benzene ex{oBviEd, 2011; WHO, 2021)mmediate
screening of groundwatdrased drinking water sources in the delta, particularly in areas where
known oil spills are present, is essential. While the remediation of groundwater contamination is
challenging and may not always be feasible, gjfatesuch as switching to naontaminated

water sources could mitigate risks. Similar approaches have been successfully implemented for
arsenic mitigation in other regiorfsloque et al., 2017; Hoque et al., 2009; Kupa et al., 2024)
Additionally, the risk extends beyond ingestion, as hydrocarbons can be absorbed through dermal
contact during bathing or inhaled as volatile organic compounds (VOCs). These exposure
pathways underscore the urgent need for community awareness, aloagsldtory and remedial
actions.

5. Conclusion

Here, insitu datarom previously identified hotspot areafthe Niger Delta region were analysed

to determine the magnitude of hydrocarbon contamination. Although there is a bias towards
contamination investigateds the authors assumed contamination prior to the research, it is clear
from the results of this study that there is widespread hydrocarbon contamination in both soil and
groundwater systems of Imo and Rivers states of the Niger Delta region, excealingtimmal

and global standards.

The study revealed that hydrocarbon concentrations in soils are severe and widespread, with TPH,
PAH, and BTEX levels far exceeding permissible limits. Soil contamination is most pronounced
in surface layers, but evidence of hydrocarbons migrating infeedeabsurface soils, particularly

near the groundwater fluctuation zone, was observed. Seasonal groundwater table fluctuations
create a "smearing effect,” where hydrocarbons trapped in the soil are remobilised, acting as long
term sources of groundwaterordamination. In groundwater systems, TPH and PAH
concentrations were found to exceed national and global guidelines by several orders of
magnitude. Hydrocarbon contamination is particularly acute nebeaiing pipelines and in leow
elevation zones, redtting the influence of oil spills and topography on contaminant distribution.

This study underscores the dual threat posed by hydrocarbon contamination to human health and
ecological systems. Contaminated soils not only degrade soil health and productivity but also act
as persistent sources of dissohmthse hydrocarbons, perpetngt the contamination of
groundwater systems. The risks of exposure through drinking water, dermal contact, and inhalation

96



of volatile organic compounds are significant, with implications for public health and livelihoods
in the region.

These findings emphasise the urgent need for targeted monitoring, remediation efforts, and
community awareness. Future investigations should prioritise deeper sampling to assess the full
extent of contamination, alongside implementing sustainable wateag®a@ent strategies to
protect vulnerable communities in the Niger Delta.
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Abstract

The Niger Delta Region (NDR) is renowned for its extensive hydrocarbon reserves, yet this wealth
comes at a significant environmental c&ver 7,000 documented oil spilend more thas,000

oil production sitedischarge o#separated brine into the environment, posing severe risks to
groundwater and surface water resour&sallow aquifers in the region are already known to
containelevated concentrations of dissolved hydrocarppnsnarily light nonaqueous phase
liquids (LNAPLS) exceedingglobal dinking water standardsHowever, the extent of
contamination migration to deeper groundwater systems remains uncéhairstudy assesses
thevulnerability of deeper tube wells dissolved LNAPLSs originating fromhallower depths and

oil spills, usingMODFLOW groundwater modellingndersteadystate flow conditionsA single
aquifer representatiomwas employed, incorporatingigher horizontal than vertical hydraulic
conductivity to reflect subsurface heterogeneities, includimigrbedded finer lithologis and
discontinuous sittlay layers The behavior of LNAPLs was not modeled separately; instead, it
was assumed thatvective groundwater flowould govern the movement of thessolvedphase
hydrocarbonsGroundwaterflow paths were simulated using MODPATHhe results indicate
thatoil spill contamination is highly locaéd with limited vertical migratiorwithin the shallow

flow system Deep groundwater remains largely unaffectasl it is recharged begional flow
from basin margin areaBurthernore, thelateral extent of contamination is restrigtedggesting

that regionswithout direct spill exposure may still have safe water sources at shallower.depths
This preliminary study underscores thgortance of further investigationgo deep groundwater
safety and highlights theneed for additional water quality assessmdyggond hydrocarbon
contamination.

Keywords:
Sustainable groundwater management, Numerical modelling, Regional hydrogeology,
Groundwater flow, Contaminant transport, €pills, Dissolved hydrocarbons

1. Introduction

The Niger DelteRegion (NDRdf Nigeria, where surfae@ater bodies predominate and there are
many months of intense rainfall annually, has an abundance of (&&teto et al., 2023; Aweto

& Ovwamuedo, 2023)Despite this abundance, the surface water is almost always tainted with
microbiological infections and mamade pollution, especially from oil spills. This, along with
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other factors such as population growth and urbanization, drives an exponential increase in the
demand for potable water, especially from groundwater resources.

Hydrocarbon exploration and production activities, particularly in regions like the Niger Delta, are
often associated with significant environmental risks, including oil gi@§ebamiji et al., 2022,
2024; Wekpe & Idisi, 2024; Wekpe et al., 2022, 2024a, 20ZA Niger Delta region (NDR,
Figure 5.1), one of the world's most prominent-piloducing regions, has faced extensive
contamination due to pipeline leaks, well blowouts, and accidental discHaiyés?, 2011)
These incidents release crude oil and other petroleum products into the environment, leading to
the infiltration of hydrocarbons into soil and groundwater. The complex interplay of extensive
oilfield operations, aging infrastructure, and weak enforcemérgnvironmental regulations
exacerbates the frequency and severity of such e{idasson, 2013; Ikporukpo, 2020; Kurtz,
2010; Ogbu et al., 2024¢Consequently, groundwater systems, which are critical for drinking water
supply and agriculture, are at substantial risk of contamination.
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Figure 5.1: The map showinghe Niger Delta RegionNDR) alongwith its regional reliefand

the location of theoil spills across the deltaThe model domain, spreading over the easter part
of the NDR, showed with elevation and bathymetric.datdso shows the location 68 borehole
data across the delfaome of which are overlapping, and sizes of the dots indicate variation in
anisotropy in hydraulic conductivity
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Oil spills can severely impact groundwater resources by introducing dissolved hydrocarbons,
especially Light NorAqueous Phase Liquids (LNAPLs) and other toxic compounds into aquifers
(Al-Busaidiet al.,2019).In the Niger Delta, the region's high rainfall and shallow water tables
facilitate the vertical migration of contaminants, creating a pathway for pollution to infiltrate
groundwater systen{®yebamiji et al., 2024)The presence of hydrocarbons in groundwater poses
severe health and ecological threats, as these compounds are often persistent, carcinogenic, and
challenging to remediate. Given the seemnomic dependence on groundwater in this region,
understandinghe dynamics of contaminant transport and flow within aquifers is crucial. This
underscores the urgent need for robust groundwater flow and contaminant transport modeling to
evaluate the extent of contamination, predict future impacts, and guide mitigaticamediation

efforts in the Niger Delta.

Drilling deeper wells in the Niger Delta Region (NDR) for water supply looks like a logical answer
because most of the water currently pumped for drinking and agriculture comes from shallow areas
of the aquifer system. This would also be very true if tltkssp wells draw water from source
areas that are free of LNAPLs. Deeper pumping that alters groundwater flow patterns, however,
may redistribute dissolved LNAPLs, contaminating depths that are presently low in LNAPLs and
perhaps permanently damaging thissource as they become mobile when released into
groundwater. A sustainable supply of LNAB&fe water may be achieved by better understanding
the deeper groundwater flow system prior to the possible widespread installation of deeper wells
and boreholes.

Numerical modeling of groundwater flow can offer quantitative insight into its sustainability as
proven by severatarlier works in other deltaic settingldoque & Burgess, 2020; Islam et al.,
2017; Michael & Voss, 2008, 2009a, 2009hpwever, the modelling exercises are data intensive
initiatives which are significantly lacking in Niger Delta. Currently, not much data on the
lithological settings, water level or water quality information is available. In this context,
modelling the detiled behaviour of the groundwater in Niger Delta will not be possible. On the
contrary, however, given the sporadic data on the geology and water level available and high
resolution DEM data, a preliminary investigation of the flow system at regioalal iscpossible

as shown by Michael and Voss (2009b)They havesimplified and estimaig equivalent
hydrogeological properties that, when applied to a groundwater flow model, would result in flow
patterns that closely resemble the actual flow patterns on the relevant temporal and spatial scale.

In deltaic settings, like the NDRhye hydrogeologic structure and characteristics of the sediments,

as well as the interplay between the subsurface structure and the surface hydrological conditions
that propel groundwater flow, directly determine the lengths of groundwater flow(ptiael

& Voss, 2009apnd may eventually impact on the redistribution and flow paths of the dissolved
LNAPLs within the systermn addition, even if flow paths originate from a contaminated shallow
zone, travel time could play a crucial role. The longer the travel time, the higher the chances that
the dissolved hydrocarbons will be attenuated and degraded before the water feacespt
abstraction point.
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Therefore, modellingpas the potential tmake a useful contribution tissessing theulnerability

of groundwater to pollution, evaluag the contamination patterns of dissolved LNAPLs and
guiding mitigation and sustainable management strategies. This forms the basis of this research.
Here, we develop a simple regional model to simulate the flow from the spill locations and from a
depth of 250 m to assess the recharge location of the deep groundwater.

2. Materials and methad

2.1 Hydrogeological settings in the NDR
Geological Setting of the Niger Delta

The Niger Delta, located in southern Nigeria, is a classic example of a passive margin delta, formed
from sediment deposition by the Niger, Benue, and Cross RiMevakwoala & Ngah, 2014)
Approximately 75,000 kiof southern Nigeria make up the Niger Delta, where the Niger River
empties into the Atlantic Ocean via a network of distributaries. Its geological history spans from
the Late Cretaceous to the Recent period, characterized by sedimentary sequences digpogite
marine transgressions and subsidence. Structurally, the delta has asiapgé geometry with

its thickest deposits near the coast and thinning inland.

The delta comprises three principal lithostratigraphic units. Benin, Agbada, and Akata formations
are the three strata of clastic Tertiary sediments that lie beneath the delta from top t¢Aimdiom

& Nwankwoala, 202Q)The Akata Formation, the basal unit, consists of deep marine shales and
clays with minor sand layers, serving as the primary source rock for hydrocarbons. Overlying the
Akata Formation is the Agbada Formation, which contains interbedded sands, siksatasd
deposited in a deltaic environméAbam & Nwankwoala, 2020)he sands within this formation

act as reservoirs for hydrocarbons, while the shales provide seals. The Benin Formation, the
topmost unit, is primarily composed of continental fluvial deposits of sands and gravels with minor
clay and/or shale intercalatis. This formation forms the region's principal aquifer and provides
the foundation for extensive groundwater systéAisam & Nwankwoala, 2020; Aweto et al.,
2023; Aweto & Ovwamuedo, 2023; Ohwoghdssuma et al., 2024; Ophori, 2007and is
estimated to be about 2160thick in the centre of the basin.

Hydrogeological Setting of the Niger Delta

The Niger Delta hosts a complex and multilayered hydrogeological system, primarily within the
Benin Formatior{Abam & Nwankwoala, 2020)This region's aquifers are highly productive due

to the prevalence of unconsolidated permeable sandy and gravelly deposits interbedded with clays
and silts(fAbam & Nwankwoala, 2020)Groundwater is stored in unconfined, s@woinfined, and
confined aquifers, with depths extending to 2000 meters in some(Atega® & Nwankwoala,

2020) These aquifers are replenished by abundant precipitation, exceeding 2,000 mm (up to 3600
mm at the coastline) annualjAbam & Nwankwoala, 2020; Ohwoghefsuma et al., 2024,
Oyebamiji et al., 2022, 20249nd are further supported by lateral flow from inland recharge zones.
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The shallow aquifers, typically found near the surface (in floodplains, wetlands and the mangrove
swamps) to 10 meters in other parts, are unconfined oramrfined (Abam & Nwankwoala,

2020; Ohwogherdsuma et al., 2024and serve as the primary water source for domestic and
agricultural use. Deeper aquifers, ranging from 150 to 500 meters, are confined and provide
significant potable water for urban centers and industAeam & Nwankwoala, 2020; Hassan,
2020) However, coastal areas face challenges from saltwater intrusion, wheextraetion and
proximity to tidal zones result in brackish water infiltration into freshwater systedet, 2021;
OhwoghereAsuma et al., 2024)

The persistence of the Benin Formation has resulted in extremely broad similarities between the
hydrogeological data in the upland Niger Delta regions with regard to the subsurface lithology as
well as the general aquifer hydraulic characteristics of peitiy, storativity, and specific
capacity(Abam & Nwankwoala, 2020; Ngah & Nwankwoala, 2013)

Groundwater flow generally radiates from higher elevations inland toward thlyitogvcoastal
regions and the Atlantic OcegAbam & Nwankwoala, 2020; Ngah & Nwankwoala, 201&)d
regionally from north to south with changes at localized discharge @bkam & Nwankwoala,

2020) Discharge occurs through rivers, streams, and wetlands, as well as via evaporation and
transpiration in swampy areas.

The water table in the Niger Delta exhibits strong seasonal and spatial variations, influenced by
rainfall, hydrogeology, and discharge mechanisms. Artesian aquifers, particularly along the
Escravos region, result from deep confined aquifers sealed lycthic sequences (Ohwoghere
Asuma et al., 2024; Wali et al., 2021). While shallow aquifers are recharged by direct precipitation
and surface water infiltration, deeper confined aquifers receive recharge likely from inland upland
areas. Groundwater levelsdine after October, primarily due to surface water decline leading to
increased baseflow contributions, and increased evapotranspiration (Abam & Nwankwoala, 2020;
Ngah & Nwankwoala, 2013). Water levels range frai.84 m near coastal areas to as deep as
18.2 m inland (Ngah & Nwankwoala, 2013), with seasonal fluctuations ©8.8.In (Wali et al.,

2021; Abugu et al., 2024). Deep aquifers {8.@ m below ground level) exhibit unexpected
fluctuations, possibly due to pressure adjustments, reduced overbload or longterm
compaction effect§Burgess et al., 2017phallow groundwater discharges into local rivers, and
wetlands, but the overall regional groundwater flow follows a rmr$outh gradient, with
localized variations at discharge areas in the southeast, northwest, and northeast (Ngah &
Nwankwoala, 2013)

Despite its abundant groundwater resources, the Niger Delta faces significant hydrogeological
challenges, including pollution from oil exploration, industrial activities, saltwater intrusion, and
heavy metal contamination (e.g., iron and manganese). Tenreaenowned for its prolific
hydrocarbon reserves, bears a severe environmental cost, with over 7,000 documented oil spills
and more than 5,000 oil production sites, each dischargirgepdrated brine into the open
environment. These activities possubstantial threat to both surface and groundwater systems.
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Ensuring the sustainable management of these vital water resources is crucial for balancing
growing demand with lon¢erm environmental protection.

2.2 Groundwater Flow Model

A thHremeensi onal finite difference numeri cal m
devel oped u s ifor grounMi@dieF lo® ¥inmulation and MODPATH for flow path

analysis, implemented through the ModelMuse GUI (Harbaugh, 2005; Pollock, 1994a, 1994b;
Winston, 2000). The model setup, including domain specifications, discretization, and boundary
conditions, igdescribed in detail below.

2.2.1 Model Domain and Discretization

The model domain for the Niger Delta Region (NDRas designed to capture regional
groundwater flow dynamics, extending from inland recharge zones to the Atlantic Ocean. The
model incorporates multiple hydrostratigraphic layers with variable vertical discretization (Table
5.1, Figureb.2) to represent the major hydrogeological units of the Benin Formation.

To contextualize the regional flow system while optimizing computational efficiency, the River
Niger was designated as the western boundary, while the eastern boundary extends across the
eastern Niger Delta, excluding the full deltaic extent to reduce etatipnal demand. The total

model domain coverapproximately 7&mz2, with horizontal grid spacing of 10 km and variable

layer thicknesses.

The bottom boundary was defined at the base of the Benin Formation, characterized by clay/shale
intercalations, marking the deepest extent of groundwater flow. A-tlimeensional visualization
of the boundary conditions and grid geometry is presenteidjimes.2.

Table5.1: Model Units (from top to bottom) and their vertical discretization

Model Unit Maximum thickness/depth (m) | Number of vertical
discretization/cells

Model Top (MT) Based on DEM -

Upper Aquifer MT -1 5

Middle Aquifer MT - 100 10

Lower Aquifer MT - 200 20

Aquifer 4 MT - 300 20

Aquifer 5 MT - 500 10

Base Layer -2000 5
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The model top is the larslirface topography, created from the Shuttle Radar Topography Mission
(SRTM) elevation data/digital elevation mode30m resolution DEM from USG@Jnited States
Geological Survey, 2022at 30m resolution. The bathymetry data, which provided the top
elevation for the model at the seaward/coastal side, was obtained from GEBCO gridded global
terrain model for ocean and land at 15 arc second resol(@&BBCO, 2024) Both datawas
subsampled onto the model grid by taking the lowest data points in each cell. This is to remove
the effect of thick or high vegetation, including the mangrove, for which the NDR is popular.

Lateral grid discretization is 10 km, while vertical discretization varies (Fig2je The model
contains seven vertical units with different thicknesses and vertical discretization. There are 40
rows, 30 columns, and 70 model layers, with 47,561 active cells.
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Figure 5.2: The study area grid, model geometry and boundary conditions. a.) Top view of
model grid. It shows locations for all the othesrosssectionalviews included. A practical
technique of equating the top boundary condition to prescribed heads of the same values as the
topographic or bathymetric elevations of the land surface or ocean base respectively, at steady
state, was employedhe elevations are shown in colours with the least elevation within the ocean

in blue and the highest on land is in rdd) Front view of the model domain c.) Vertical cross
section and side view of the model domain d-.)d8nensional view of model domain. Vertical
exgygeration is 10x.
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2.2.2 Model boundary conditions

The regional boundaries of the groundwater flow system in the Niger Delta Basin were defined
based on natural and structural features. The northern boundary, a ridge within Rivers State, was
assigned a nflow condition due to its elevated topography and limited groundwater input. The
southern boundary, representing discharge into the Atlantic Ocean, was assigned alveadtant
condition, with a vertical ndlow barrier extending offshore. €hseafloor head values were
adjusted for saltwater density (1.025 kg/L) and bathymetric d@gibhael & Voss, 2009a,
2009b)

The western boundary follows th&ver Niger, acting as a regional discharge zone, assuming
minimal crossboundary flow due to the low topography. The eastern boundary, marked by a
topographic divide, was considered a groundwater divide, preventing flow across the region
(Hoque et al., 2017)Both eastern and western boundaries were treated-th@anoonditions,
aligning with the Benin and Calabar flanks in Bayelsa and Rivers States, which define the lateral
extents of the aquifer systgiidassan et al., 2019y he bottom boundary, located within the Benin
Formation, consists of clay/shale intercalations, restricting vertical groundwater movement
(Hassan et al., 2019)

Recharge was not applied separately; instead, afigad condition was used across the model to
simulate continuous water availability from rainfall and surface water. The model topography
ranges from1774 m (ocean) to 375 m (land), with rainfall vagyfinom 2,000 mm inland to over

4,000 mm in coastal areas (Hassan et al., 2019). This high rainfall and short dry season
(Novembet February) help sustain a nearrface water table, with artesian wells, lakes, and rivers
expressing groundwater leve(®bam & Nwankwoala, 2020; Wali et al., 2021%hallow
groundwater flow follows water table gradients, driving flow over meters to tens of kilometers. To
represent this, the model was assigned a prescribed head at the surface, assuming abundant
recharge availabilityGiudici et al., 2003)

2.2.3 Hydraulic parameterisation

Here, theaim was to differentiate between clagilt (low permeability) and sand (high
permeability) materials to understand groundwater flow. N#eedirt logs were classified into 10
lithofacies based on grain sif&able 5.2) following Hoque & Burgess (2020), and further

grouped into two hydrofacies: finer (nawquifer) and coarser (aquifer) materials. Hydraulic
conductivity (K) was estimated using |itholog
variability in ggoundwater models, with vadg derived from previous literature.
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Table 5.2: Estimatinghe effective hydraulic conductivity usinthesehydraulic conductivity
values forthevarious lithofaciesafterHoque and Burgess (2020)

Lithofacies Hydraulic conductivity (m/d)
Gravel with sand (gs) 120
Coarse sand (cs) 95
Medium to coarse sand (mcs) 72
Medium sand (ms) 50
Fine to medium sand (fms) 38
Fine sand (fs) 25
Very fine to fine sand (vffs) 20
Very fine sand (vfs) 12
Silt/Clayey sand/Sandy clay (scs) 0.397
Clay (c) 6.05e5

Hydraulic conductivity, a crucial parameter in groundwater modeling, can be estimated through
various methods such as field putesting, laboratory core tests, and lithological d&taeeze &

Cherry, 1979) For regionalkscale studies, using empirical relationships between hydraulic

conductivity and grain size has been shown to significantly reduce uncertainty compared to other

approache¢Nilsson et al., 2007)nthsst udy ,

l ithol ogi cal

attri

were used to estimate effectivgdraulic conductivity, representing geological variability in
groundwater modejsfollowing after Hoque and Burgess (2020yvho selected ydraulic

conductivity values for different lithofacies were selected from previous literature.

but

In layered systems, the highest and lowest equivalent hydraulic conductivities are parallel and
perpendicular to layering, respectively, calculated using arithmetic and harmonic (fFesze

& Cherry, 1979; Hoque & Burgess, 2026Jjowever, in fluviedeltaic settings, these relationships
may not hold due to limited layer extent. To address Hugjue and Burgess (202@8sumed a
log-Gaussian distribution and used alternative equations deriv&ddiyou (1996and applied by
Michael and Voss (2009a); (Michael & Voss, 20088j)imate effective hydraulic conductivity
(Keff). These equations consider varying correlation lengthto(hccount for uncertainty in the
lateral extent of lithological units, which can range from tens of meters to several kilometers.
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The effective hydraulic conductivity ¢ was cal cul ated for each dr

alternative equations, assuming both a single slab (of thickness equal to the total log depth) and
depthwise slabs (0100 m, 100200 m, and 20300 m). This approach is consistent with delta
developnent patterns, where the topmost approximately 100 meters of sediments are associated
with late Quaternary evolutiqBurgess et al., 2010y he resulting K values at each log location,
associated with correlation lengthg ¢@f 50, 100, 500, and 1000 meters, were interpolated using
the Inverse Distance Weighted Average (IDWA) interpolator. This process derived a range of
hydraulic conductivity fields, incorporating varying levels of hydrostratigraphic complexity and
providing a comprehensive representation of the groundwater system's variability.

0
) B 8
- 1
. B
B 7 2
0 ‘ ‘ 3
u 4
Where:

= Direction of lowest conductivity
K = Hydraulic conductivity of a particular lithological unit

0 = Effective hydraulic conductivity in any direction

= Direction of highest equivalent hydraulic conductivity

b = Thickness of the lithological unit

D = Space dimensiofvalue 3 for 3D problems)

li = Correlation length, and

In = Harmonic mean dfi in the principal directions of anisotropy

U ooefficient asdefined by equation (4), which depends on the dimension ah#éttum and
parameters of thestatistically homogeneous lggaussian distributedield of hydraulic
conductivity(Michael & Voss, 2009b)

By varying the anisotropy ratios across the three scenarios (30.64, 1000, and 10,000), the study
explored the potential influence of hydrogeological heterogeneity on groundwater flow direction,
particle tracking, and contaminant migration patterns.
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2.2.4 Hydrogeologic Modeling Approach and Scenari

To evaluate groundwater flow and contaminant migration potential in the study domain, three
distinct modelling scenarios were developea): Base Case Model (BCM)b) Typical
Homogeneous Delta Scenario (THDSIgnd c) Typical Heterogeneous Delta Scenario
(THDS2)These scenarios were designed to explore the potential range of hydrogeological
conditions in the Niger Delta, given the limited quality and coverage of available input data.
Forward particle tracking was conducted for all scenarios to simulate grounfleatpaths and
provide insights into contaminant migration behaviour.

Base Case Model (BCM)The base case model utilized hydrogeologic properties derived from
lithological profiles published by various authors and calculated following the methods outlined
by Hoque and Burgess (2020)he assigned vertical hydraulic conductivity (kz) was 0.397 m/day,
and the horizontal hydraulic conductivity (kx) was 29.624 m/day, resulting in an anisotropy ratio
(kh/kv) of 30.64. These values were calculated using median hydraulic conductivityoxsdues
lateral extent of 500 m of the lithological layers.

However, this derived anisotropy ratio appeared atypical for deltaic environments, where
anisotropy is generally much higher due to heterogeneous sedimentary layers. Additionally, the
poor quality and spatial limitations of the input data likely failecapture the full extent of
hydrogeological variation in the study area.

Typical Homogeneous Delta Scenario (THDST)jo account for potential limitations in the base
case model, a second scenario was developed using a vertical anisotropy ratio (kh/kv) of 1000.
This value, derived from characteristic estimates in the literature (e.g., Michael and Voss, 2009b;
Michael andvoss, 2009a), represents a typical homogeneous delta scenario with relatively lower
heterogeneity. The horizontal hydraulic conductivity (kx) was kept constant at 29.624 m/day,
while the vertical conductivity (Ravas adjusted accordingly.

Typical Heterogeneous Delta Scenario (THDSA third scenario was developed to represent
the extreme heterogeneity typical of deltaic environments with significant contrasts between
horizontal and vertical conductivity. This scenario employearasotropy ratio (kh/kv) of 10,000,
which reflects the highly layered nature of deltaic sedim@htishael & Voss, 2009a, 2009b)he
horizontal conductivity (kx) remained constant at 29.624 m/day, while the vertical conductivity
(kz) was reduced proportionally.

2.2.5 Assessment of Groundwater Safety

Oil spill locations are numerous and serve as major sources of contamination in the Niger Delta.
However, the extent of their vertical and regional impact within the aquifer system remains
uncertain. To address this, forward particle tracking was emplayaitiscenarios to investigate

flow paths, providing indications of how dissolvptase contaminants might migrate within the
regional groundwater system from these spill locations.
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To further assess whether deep groundwater sources2@@n) could provide safe drinking

water in hydrocarboxontaminated areas, backward particle tracking was used to simulate flow
paths originating from pumping depths in all three scenarios. Thi®agprimed to identify
whether water abstracted from these depths would intersect contaminated flow paths, and whether
deeper wells could serve as a viable solution to avoiding hydrocadmaminated water. For
simplicity, population data was used todte groundwater abstraction points within the domain,
assuming that wells are typically located near settlements. The depth range of ~250 m was chosen
as it aligns with the typical depths of boreholes in many areas, particularly within municipalities
(Abija & Nwankwoala, 2018; Akinwumiju & Orimoogunje, 2013; Ngah & Nwankwoala, 2013)

While the study did not model contaminant transport directly, the simulated flow paths provide
valuable insights into the potential impacts of anisotropy on travel times and migration pathways.
These findings offer a preliminary understanding of groundwatetamination risks and the
viability of deeper aquifers as safe water sources in the Niger Delta.

3. Results

3.1 Groundwater flow model

The colourgradient in the image (FiguB) represents groundwater head or elevation, with higher
values (red and yellow) in the south and lower values (blue) dominating the northern regions. This
suggests a general head distribution. The hydraulic head values are higher in the northeast,
gradualy decreasing towards the north/nedéntral, till it drops drastically in the southhis
matches with the field observation of the general hydraulic head distribution in theAthalita &
Nwankwoala, 2020; Ogbozige & Toko, 2020; Ophori, 200Re consistent recharge assumption
ensures that groundwater moves steadily from higher inland elevations toward coastal discharge
zones. The northern section of the model domain, where lower hydraulic heads are predominant,
represents the inland rechargeea, likely fed by consistent rainfall infiltration. The southern
boundary aligns with the Atlantic Ocean, where groundwater discharges (cdresdnt
boundary). The lateral flow dominance is evident due to anisotropy effects, leading to a clear
progressn of flow paths toward the southern discharge zone.
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Figure 5.3: Groundwater flow model and head distribution within the study domaan) Base

Case Model (BCM), 500m extent, using calculated anisotropyypical Homogeneous Delta
Scenario (THDS1) at anisotropy of 1000, one of the typical values for deltas. c.) Typical
Heterogeneous Delta Scenario (THDS2) at anisotropy of 1,G0@@her typical value for deltas;

and locations of the spill points used for all the simulations. The anisotropic values do not seem
to have a very significant impact on the direction of groundwater flow.

3.1.1 Hydraulic Head Distribution
In all the three scenarios modelled (BCM, THDS1 and THDSZ2), the head distribution rémeains
same, and the magnitude may vary slightly (Fidugg

Upon comparing the head distribution images, it is evident that the overall distribution pattern of
hydraulic heads is consistent across the three subplots, with higher values concentrated in the upper
right region and lower values predominantly in the lower left. However, there seem to be subtle
differences in the intensity and spread of the hydrawedhvalues. BCM (a) shows a slightly
broader distribution of higher head values in the upper right compared to THDS1 and THDS2 (b)
and (c), which appear to have a more concentrated gradient in the same region. The lower regions
in all three images maintanelatively low head values, but THDS2 (c) seems to have a slightly
more pronounced lowead area in the bottom left compared to the other two images. These
variations could be indicative of the different modeling scenarios or changes in hydrological
condtions affecting groundwater flow and distribution, based on the magnitude of anisotropy.

3.2 Simulations of flow from oil spills and vulnerability of deep groundwater

3.2.1 Dissolved LNAPBs$ransport from spills sites

Forward particle tracking (Figurg4) was conducted from selected oil spill points, placed at
Model Top (ground surface) to simulate thetential migration of dissolved hydrocarbons
(LNAPLSs). Note, we modelled advective flow of groundwater here and therefore we assumed any
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dissolved hydrocarbon likely to follow the same flow pattern as groundwResults
demonstrated that under all conditions, groundwater flow predominantly horizontally, aligned with
the regional groundwater flow direction. The extent and speed of contaminant migration were
controlled by the anisotropy ratio, with higher kh/kvued accelerating lateral transport while
limiting vertical contaminant dispersigRigure5.4 - shown in the cross sectias).

The pathlines observed in the southern section are representative of forward particle tracking,
showing the flow paths of potential contaminants or dissolved hydrocarbons (LNAPLS) in the
groundwater system. Under anisotropic conditions, contaminantsaeleasthe surface would

travel primarily laterally toward thiecal discharge area, following thepographigyradient. The

dense cluster of pathlines indicates varying migration velocities. To better understand contaminant
transport, it is essential tmalyse the travel path length and time span, as these metrics will vary
between the different scenarios explored here within the Benin Formation undersitdady
conditions.

1
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Groundwater

600,000

500,000

* Localised
*« Good
travel
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« Shallow

400,000

1
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Anisotropy = 30.64 Anisotropy = 1000 Anisotropy = 10000

Figure 5.4: Oil spill locations and forwardparticle tracking within the study domaira.) Base

Case Model (BCM) b.) Typical homogeneous delta scenario (THDS1). c.) Typical heterogeneous
delta scenario (THDS2). Their Northouth cross sections (2D front views) are displayed below
each model. These show the localized, shallow depth ofithpathlines. The deep blue colour
indicates areas of origin where spills are youngest while the green antyagdcolours suggest

older spills. In each case, the pathlines remain localized, and highlight pathiaragontaminant
movement, indicating areas of potential concern for downstream contamination. Forward particle
tracking confirms that oil contaminants released from spill points can travel significant distances
under the given flow conditions.
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The models (Figur®.4) simulate thepotentialmovement of dissolved contaminant from spill
points located at the model topnder steadystate flow conditions, contaminants primarily move
laterally toward discharge zones, with flow paths restricted to shallower depths and predominantly
localised.There is no significant variation of the flepath geometry when various anisotropy of

the aquifer is considered. General flow paths and localise nature of the flow path remain same for
basecase, as well as irtleer two representations.

3.2.2 Vulnerability of deep groundwater

Backward particle tracking was performed faitentialboreholes drilled at depths between 240

and 260 m to identify their recharge origins (Fighi®). The tracking results generally indicated

that water reaching these boreholes primarily originated from shallow recharge zones located
mainly in the northwestern parts where most of the spiesfound. However, as the anisotropy
increases theechargepathlines become longer and horizontal and shown to come from further
distance away from the spill areas.
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Groundwater
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Groundwater

400,000

* May draw from
spill area

+ Long travel
time

+ Naturally
Attenuate?

+ Saltwater
intrusion?
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Anisotropy = 1000 Anisotropy = 10000

Figure 55: Backward particle tracking for boreholes at depths of 240260 m traces
groundwater flow back to wgradient recharge areasa.) Base Case Model (BCM) b.) Typical
homogeneous delta scenario (THDS1). c.) Typical heterogeneous delta scenario (THB&2)

case, the pathlines are quite extensive. Their NSdbth cross sections (2D front views) are
displayed below eachodel andshow the vertical path line variations. The deep blue colour
suggests the youngest groundwater, while the green to red colours suggest an older groundwater
system, which may take thousands of years. Backward particle tracking confirms that oil
contaminantsvould most probably not significantly impact deep groundwater (>=2000m) located
within the areas simulated as though they seem to draw their recharge from hydrecarbon
contaminated zones, especially in the case of the BCM (with the lowest@pygdttowever, even
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in this case, groundwater may be safe as the LNAPLs could degrade naturally by the time the
groundwater reaches the drinking water abstraction point. Therefore, deeper boreholes may be a
sustainable solution to groundwater contamination risk from LNAPLseMNDR.

The backward particle tracking results for boreholes at depths of ZB meters reveal distinct
variations in groundwater flow paths across three different anisotropy scenarios. In the base case
model (Figurés.5a), characterized by the lowest anisotropy, the flow patHargedy verticaland
localized, originating from shallow recharge zomgthin the vicinity.

In the Typical Homogeneous Delta Scenario (THDS1) with an anisotropy of 1000 (bigh)e

the flow paths become more dispersed compared to the BCM. The recharge locations shift, and
the path lines exhibit broader patterns, indicating a more extensive lateral movement of
groundwater. The travel times remain significant, with older groureiwsystems taking
thousands of years to reach the boreholes.

In the Typical Heterogeneous Delta Scenario (THDS2) with high anisotropy,@QLQFigure
5.5¢), the flow pathbecome even more regional and most water is coming from the model domain
periphery It appears to draw water fromiddle upper north areas where there are no spills

4. Discussion

4.1 Potential pattern groundwater contamination from spills

In this study, the spatial distribution of oil spill sources was incorporated into the model using a
subsampled representation 8 spill locations, selected from a total of ov&00documented
incidents across thapproximately 7krhmodel domain This approach accounts for the spatial
clustering of spills, particularly where multiple incidents overlap within individual model grid
cells.

Using forward particle tracking, we assessed the potential migration of disqiiaed
hydrocarbons within the regional flow system, under the assumption that advective transport of
dissolved contaminants mirrors the groundwater flow f{@drgess et al., 2010; Dogan et al.,
2014; Hoque & Burgess, 2020; Michael & Voss, 2009a, 2009b; Zhou et al.,. Z60én the

strong horizontal anisotropy of the Benin Formation, our simulations revealed that contaminant
plumes predominantly migrate laterally, constrained to the upper aquifer layers, and orient toward
topographically controlled local discharge zonemre5.4). The concentration of pathlines in

the southern sector of the model domain indicates variable flow velocities, which are sensitive to
anisotropic conditions and the spatial heterogeneity of hydraulic conductivity.

Importantly, the overall geometry of flow patiecluding directionality and vertical confinement
remained consistent across all model scenarios, regardless of changes in the anisotropy ratio. This
suggests that whilanisotropy influences travel time and lateral extent, it does not significantly
alter the fundamental pattern of contaminant migration, which remains localized and
predominantly shallow in nature.
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To evaluate the vulnerability of deeper aquifers, backward particle tracking was conducted from
abstraction depths between 240 and 260 meters. The base case scenario, which assumes low
anisotropy, revealed shorter, more vertical recharge pathways, imglyaigdeep wells in
proximity to contaminated recharge zones could theoretically intercept dissolved LNAPLs under
certain conditions. However, due to #adensive travel timesften spanning thousands of years

it is likely that natural attenuation pesses (e.g., biodegradation, dispersion, sorption) would
significantly reduce contaminant concentrations prior to reaching abstraction (kliMaqa,

2025; Kao et al., 2006; Libelo et al., 1998; Lv et al., 2018; Ponsin et al., 2015; Xia et al., 2025)

In contrast, simulations with higher anisotropy values (1,000 and 10,000) produced increasingly
horizontal and regionally extensive flow paths, effectively disconnecting deeper aquifers from
surface spill locations. Particularly in the scenario with asaropy of 10,000, recharge zones

for deep wells were predominantly located at the upland basin margins, far from contaminant
sources, thereby minimizing the potential for vertical or lateral contaminant migration into deeper
groundwater horizons.

Taken together, these findings underscore the localized nature of oil spill impacts within the Niger
Deltads groundwater system and affirm the hyd
current conditions. Nonetheless, they also highlight the itapoe of spatially targeted monitoring

and risk assessment, especially in areas where abstraction wells are situated near historic spill
zones or where aquifer confinement is uncertain.

4.2 Deep groundwater as potential solution

While model simulations affirm that deep groundwater remains largely insulated from shallow
hydrocarbon contamination, its use as a safe water supply must be approached with targeted
screening and hydrogeological validation. Across all anisotropy scenftowgaths at depths of

24071 260 m suggestimited connectivity to surface spill sources. However, localized variations

0 particularly in the miecentral western region (see Figl8), indicate zones where recharge

may originate closer to historicgllimpacted areas, increasing the need for-sptific
assessment.

These observations highlight that although deep aquifers offer a promising buffer, they are not
uniformly immune to longerm contaminant risks. Strategic deployment of monitoring
infrastructure and hydrochemical screening in these key areas will bald¢atensuring drinking

water safety and sustainable abstraction planidetmel et al., 2016; Butler et al., 2022; Loveless

et al., 2019; Rivett et al., 2019; Rivett et al., 2018; Swartjes & Otte, 201 EMgaienburg et al.,

2019)

4.3 Implications and future work

The findings from this study have important implications for groundwater management and
contamination risk assessment in deltaic aquifer systems. The observed variation in flow paths and
travel times across anisotropy scenarios underscores the critecalf toydrogeological structure
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in determining contaminant migration patterns. These findings are consistent witksdsdsin
modelling efforts in the Bengal Aquifer System, where anisotropy was identified as a primary
control on flowpath geometry and vulnerability to shallow contanmonagburce¢Burgess et al.,
2010; Michael & Voss, 2009a, 2009b)

Our results further suggest that deep groundwater may serve as a viable, relatively insulated water
source, particularly where recharge is sourced from basin margins and vertical hydraulic
connectivity is limited. This parallels findings from the BengadiBawhere older groundwater at

depth remains largely uncontaminated, and travel times exceed the time frames over which most
contaminants degrade naturgljoque & Burgess, 2012, 202®jowever, localized zondssuch

as the miecentral western region of the Niger Détanay present higher risks and therefore
warrant sitespecific hydrochemical screening and vulnerability assessment.

Future work should focus on improving the representation of lithological heterogeneity and the
guantification of anisotropy, recharge distribution, and contaminant degradation kinetics. Multi
model approaches, as applied in Bengal, offer a robust framdaodapturing uncertainty in
solute transport predictions and for tailoring monitoring strategies to regional vari@iioigqye

& Burgess, 2020)Moreover, incorporating transient flow regimes, variable recharge scenarios,
and different spill intensities will enhance the predictive utility of these models.

Finally, establishing regime monitoring wells downstream of known contamination sites will be
essential for tracking plume behaviour, validating model outcomes, and developing adaptive
management strategies. A systdmased approach that integrates log#ological, environmental,

and socieeconomic factors will be key to safeguarding deep groundwater as a sustainable resource
in vulnerable deltaic regions.

5. Conclusion

This study presents a basinale, threelimensional groundwater flow model of the Niger Delta
aquifer system, integrating hydrogeological anisotropy and contaminant transport potential from
surface spills. The findings demonstrate that groundwater movam@nedominantly lateral,
controlled by anisotropy, with limited vertical exchange, particularly at depth. Simulations of both
forward and backward particle tracking reveal that dissolved hydrocarbons (LNAPLs) from
surface spills remain largely confinéd shallow aquifer zones, posing minimal risk to deep
groundwater abstraction points beyond 240 meters.

These results highlight the importance of anisotropy, recharge distribution, and flow geometry in
shaping the vulnerability and sustainability of deep aquifer systems. Deep groundwater, while
offering a promising alternative to mitigate contamination rishast be assessed within a site
specific hydrogeological context. The approach applied, lmemabining flow simulation with
particle trackingoffers a preliminary framework for contamination risk evaluation in Niger delta.
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Future work should focus on enhancing spatial resolution, incorporating transient recharge
dynamics, and simulating contaminant attenuation processes. Strategic installation of monitoring
wells, particularly in zones identified as potentially vulnerabldi, e essential for redime
validation and adaptive water resource management. Ultimately, integrating these hydrogeological
insights with broader environmental and seetmnomic planning will be key to achieving
sustainable and secure groundwateringke Niger Delta and comparable sedimentary basins.
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Chapter 6: ©Oomtcruislsutoinommntdo
1. Synthesis

This PhD research investigates whether integrating limited field observations with enhanced
geospatial data can effectively characterize the SeRatlewayReceptor (SP-R) model of
hydrocarborcontamination for spatial risk assessment in deltaic environments. Focusing on the
Niger Delta region of Nigeria as a case study, the research addresses the critical issue of
hydrocarbon contamination risks through a structured, ymdthod approach.

The study develops an overarching framework to assess groundwater contamination risks by
hydrocarbons in deltaic regions. It integrates geospatial analysig icontamination evaluation,

and numerical modeling to provide a comprehensive understandogni@mination dynamics.

This chapter outlines how various objectives contribute to achieving the study's aim, offering a

robust framework for assessing and managing hydrocarbon contamination risks. The implications
of this research extend to both locatlaglobal groundwater management practices.

The findings underscore the urgent need for remediation in the Niger Delta, where contamination
levels surpass national and international standards. The study emphasizes the importance of
continuous monitoring, adaptive management practices, and staketulldboration to mitigate
groundwater contamination risks associated with hydrocarbons.

1.1 Objective 1

The behaviar of Light NonAqueous Phase Liquids (LNAPLs), a form of oil spill that is a
common issue in opproducing deltas, especially the Niger Delta in Nigeria, is critically examined
in chapter 2. The findings highlight the urgent need for remediation in ther Bigita, where
contamination levels exceed national and international standards.

The study emphasizes the importance of continuous monitoring, adaptive management practices,
and stakeholder collaboration to mitigate groundwater contamination risks. A systematic review
of literature, guided by hermeneutic techniques, reveals that tlhedeological and geochemical
framework of deltaic aquifers, including the Niger Delta, increases their susceptibility to oil
contamination. Factors such as hydraulic conductivity, porosity, and redox conditions significantly
influence the migration andstribution of LNAPLs(Akpan Paul et al., 2022; Bingari, 2023; Guo

et al., 2022; Huettel, 2022; Ismail et al., 2020; Ismail, 2023; Ismail et al.,.ZR@&arch indicates

that fluctuations in groundwater levels and temperatures directly affect the biodegradation,
mobility, and spread of LNAPL&avelan et al., 2024; Cavelan et al., 2022; Ismalil et al., 2020;
Ismail, 2023; Ismail et al., 2023)inderscoring the need for further research on local conditions
like soil heterogeneities and climate. The presence of highly toxic compounds like benzene,
BTEX, PAHs, and TPHSs in the Niger Delta poses acute andtkrng health risks to residents,
including cancer, respiratory disorders, and genetic mutafidbdelShafy & Mansour, 2016;
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Adipah, 2019; Barbosa Jr et al.,, 2023; Johnston et al., 2019; KuBaw&miragira, 2019;
Kuppusamy et al., 2020; Raimi et al., 2021; UNEP, 2011)

Deltaic environments, characterized by their complex hydrogeological settings, present unique
challenges for understanding and managing hydrocarbon contami(fateio & Ovwamuedo,

2023; French, 2007; Hoque & Burgess, 2020; Hoque et al., 201é) intricate network of
waterways, high sedimentation rates, and dynamic groundwater flow patterns in deltas like the
Niger Delta complicate the behauroof LNAPLSs. These contaminants can migrate through both
saturated and unsaturated zones, influenced by factors such as groundwater fluxes, soll
permeability, and the presence of natural barriers. The interaction between LNAPLs and
groundwater is furtheramplicated by the delta’s tidal influences and seasonal variations, which
can alter the direction drrate of contaminant transport. Understanding these interactions is crucial
for developing effective risk assessment and remediation strategies.

The study also identifies gaps in current practices, such as the lack of community participation in
risk assessment and remediation efforts, and the use of inappropriate standards and guidelines for
the Niger Delta's unique hydrogeological conditions.dragng community participation with the

S-P-R framework and developing tailored standards are crucial for enhancing risk assessment and
remediation strategies. Additionally, the absence of a systematic approachterdhtgpdatabase
hinders effective mediation. Utilizing available data innovatively to prioritize remediation areas
and understand contamination magnitude is essential for informing risk assessments and mitigation
strategies. The behawioof LNAPLSs in deltaic settings, particularly their migration with respect

to groundwater fluxes, requires further investigation through plume development, contaminant
transport, and groundwater modeling. By integrating tfeFSmodel with geospatial anais, in

situ data, and numerical modeling, a compredive framework for assessing and mitigating
environmental contamination risks can be developed. This integrated framework is vital for
enhancing remediation efforts and protecting public health and the environment in the Niger Delta.

1.2 Objective 2

In Chapter 3, the focus was on applyingemspatial risk framework to anatySourcePathway
Receptor (&-R) linkages and delineate higisk zones for groundwater contamination in the
Niger Delta. The method employed thePd&R model, involving multiple criteria analysis for
assessing environmental risk. This conceptualizatiomméxes the interplay between
contamination sources, their migration pathways, and the impacted receptors, providing a
structured approach to risk assessment. Given the lack of readily available datasets encompassing
sour@s, pathways, or receptors, proxies were adopted to characterize source potency, pathway
transmissibility, and receptor susceptibility. Utilizing a multistage decisiaking process
involving literature review and scientific logic, fourteen parametere vaentified and classified
according to the #-R model. These parameters were selected based on previous research and
publications related to risk mapping, groundwater potential, groundwater contamination, and flood
mapping. Relative weightings were agsd after normalization to ensure weights sum to 100%

or 1 and resampled into 30 m resolution, allowing for easy comparison and aggregation of factors.
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The weightings were based on the authorsdé aca

by other authors in related concepts, representing the level of significance deemed appropriate for
each parameter. The subjective nature of this process could aeey limitation, as is common

with multi-criteria decision analyses. Normalized parameters were assigned weights ranging from
0.1 to 1.0, indicating their relative importance. The inverse of the thematic layers was utilized to
depict the inverse relatiship between such criteria and the parameters beingsadalyhe
fourteen criteria were grouped into three main classes: Source Potency (Sp), Pathway
Transmissivity (Pt), and Receptor Susceptibility (Rs). Sp describes all factors impacting source
properties, Pt refers to criteria influencing the rate at whilshp@netrate and infiltrate into the
subsurface, especially into the groundwater system, and Rs describes human susceptibility to
contaminated groundwater and the resulting health impacts.

The final scores for each component (Sp, Pt, and Rs) were computed and integrated to generate
the final overall regional risk map. This method adheres to the principle that risk (R) is a product
of hazard, exposure, and vulnerability, ensuring a compraleeassessment of environmental
risks. Determining cutoff values to classify the Niger Delta into low, moderate, and high
groundwater risk zones was a nuanced process. The overall risk scores, while quantitative,
represented relative rather than absolug&sr Initially, the Jenks natural breaks method was
employed for zoning, optimizing the arrangement of overall risk scores into categories that
minimized variance within and maximized variance between classes. However, given the relative
nature of risk sores, refining these classifications to reflect the complex realities of the Niger
Delta required further steps. To ensure the relevance and accuracy of the risk zones, initial
statistical classification was aligned with documented-higjhareas identiéid in prior literature,
including significant sources such as the UNEP report on Ogor{ilixeP, 2011and studies by
several authors likakinwumiju et al. (2020)Anyanwu et al. (2023); Egirani and Alaowei (2024)
Giadom and Tse (2014Dsuji and Achugasim (201,0Dzoemenam et al. (2038Ymar et al.

(2019) Wekpe and Idisi (2024)andWekpe et al. (2024d)his literaturebased validation and
adjustment process was crucial for accurately mapping areas affected by hydrocarbon pollution
and contamination. The final risk map, informed by both the Jenks natural breaks and literature
insights, provides a comprehsive view of the Niger Delta's vulnerability to groundwater
contamination. It not only corroborates known areas of environmental risk but also reveals
previously unidentified zones of concern. This approach ensures that our methodological
framework, whié detailed and reproducible, is also grounded in the contextual realities of the
region, offering a valuable tool for future research and intervention planning.

Spatial variation in source potericylerived from the cumulative impact of spill volume and type,

in conjunction with proximity to spill sites, pipelines, and oil weélisdicates that over 50% of

the landscape is under threat from hydrocarbon contaminalfioe. directional spread of
transmissivity begins in the northwestern sector with Edo State, where the prevalence of red
indicates high pathway transmissivity. As one traverses southwards and eastwards, a transition is
observed, with Delta, Rivers, and Iitates displaying a mix of moderate and high transmissivity
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zones. Further southeast, the states of Abia and Akwa Ibom also show significant areas with
moderate to high transmissivity, aligning with the broader pattern observed across the region.
Notably, approximately 20% of the region, predominantly these stdgespnstrates a high
propensity for pollutant percolation, with subsurface materials conducive to rapid fluid movement.
Receptor susceptibility in the Niger Delta Region directly stems from the dependency on
groundwater by the population, a vital resounceperiled by widespread hydrocarbon
contamination. The population density map provides a proxy measure for this susceptibility, with
more densely populated areas reflecting a heightened potential for human exposure to
environmental hazards. The analysisreteptor susceptibility was refined through a grading
system where population density was proportionately weighted, asserting that higher densities
amplify the susceptibility index. The map reveals that around 22% (9,900 km?2) of the region falls
within moderate to high receptor susceptibility categories, typically associated with urban or peri
urban areas. These higher vulnerabilities are especially prevalent in the central locales of Edo and
Delta States, as well as in the northeastern sections of RamersBayelsa, extending into
significant portions of Akwa Ibom and Imo. The data analysis further explored the interplay
between two risk components at a time, across all three potential combinations: Source Potency
and Pathway Transmissivity, Source Poterand Receptor Susceptibility, and Pathway
Transmissivity and Receptor Susceptibility. These dual interactions not only shed light on the
contribution of the third component to the total risk but also highlight the spatial significance of
that component.

The synthesis of the multicriteria analysis with thRB-B framework culminated in the generation

of an Overall Risk Map for the Niger Delta Region. This map delineates the spatial distribution of
groundwater risk zones (GWRZ) based on a composite indexedefrom the interplay of
fourteen parameters encompassing source potency, pathway transmissivity, and receptor
susceptibility. The risk indéx a product of the aforementioned factbrwas computed for each

pixel within the study area, yielding a dimendess map. This map was subsequently categorized

into regions representing different levels of GWRZ, reflecting the cumulative hydrocarbon
contamination risk each area faces. The map reveals that a portion of the region, encompassing
13% (5,000 km?), exhits moderate GWRZ, while a smaller yet critical 3% (1,400 km?) is
characterized by high GWRZ. These higgk zones are prominently located in central and
northern Delta, northern Imo, northwest Akwa Ibom, north and south Abia, eastern and northern
parts ofRivers, northeast Bayelsa, and northwest Edo, with scattered patches observed throughout
these states. The employment of thRE-B framework in a regional context, as demonstrated in

this investigation, marks a novel approach to evaluating groundwatenuoation risk due to oil

spills within the Niger Delta. This study's integration of source potency, pathway transmissivity,
and receptor susceptibility transcends traditional analyses by illuminating the interactive dynamics
of contamination risk. Therdings elucidate that risk is not solely contingent upon the presence

of contamination sources but hinges on the interplay among all titd® &mponents. This risk
mapping research offers a preliminary, lasgale assessment and insights; therefosearehers

can use these results as a foundation for further investigations and studies. The findings can serve
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as a valuable resource for understanding the specific risks and vulnerabilities in each area and are
highly replicable in other oibroducing deltaic environments. It can also aid governmental
agencies in making informed decisions and allocating resosmobsas remedial activities, early
warning systems, emergency response protocols, and appropriate Heetgohlegislation. It

could also help to signpost areas to engage in vital commlenigy awareness and advocate for
improved protective measures Nehconsidering alternative potable water sources such as deeper
boreholes, which are likely to be separated from the shallow contaminated flow system. Effective
collaboration and proactive actions between all stakeholders, including government entities,
researchers, and individuals, will considerably reduce the potential harm and preserve the health
and weltbeing of both the communities and the ecosystems.

1.3 Objective 3

Chapter 4 revolved on assessing the extent and magnitude of hydrocarbon contamination in soil
and groundwater using s#itu data and benchmarking findings against national and global
standards. Various studies have employed different methodologies tthedwiger Delta Region

(NDR) into different risk profiles. For instancdé/ekpe et al. (2024a)sed the optimized hotspot
analysis tool to identify oil spill hotspot areas, highlighting states like Imo, Rivers, Bayelsa, and
Abia. Akinwumiju et al. (2020ppplied a Glshased Kernel Density algorithm to delineate high
density zones for oil facilities and spill events, identifying Rivers, Abia, Bayelsa, Imo, and Delta
as highrisk areas. SimilarlyUmar et al. (2019and Oyebamiji et al. (2022)tilized spatial oil

spill distribution techniques and the Gefisd G* statistic to reveal hotspots in Bayelsa, Rivers,
Delta, and other state®yebamiji et al. (2024further developed a mulparameter approach that
integrated the SourdeathwayReceptor link to assess the risk of oil contamination in the
groundwater resources of the Niger Delta region. Despite the varying methodologies, these studies
consistently idetify Rivers and Imo as significant hotspots for oil contamination in the NDR.
Based on this convergence, these two states were selected for a detailed quantification of
hydrocarbon contamination in soils, sediments, and groundwater, aiming to provyihsimsio

the spatial patterns and severity of contamination in these key hotspots.

The assessment involved a standardized approach using the Equivalent Carbon Number (ECN) to
categorize hydrocarbon species based on their toxicity and solubility. ThéTEaGN 4.1 Figure

A3.2), approximated by the TPH Criteria Working Group, serves as an empirical relationship for
grouping hydrocarbon fractions with similar partitioning characteri@ff¢&®C, 2018; Rivett et al.,

2014; Tomlinson et al., 2014; Tomlinson et al., 20HR)drocarbons with higher ECNs are less
soluble and persist longer in the environment, while those with lower ECNs exhibit higher
solubility and acute toxicityiI TRC, 2018; Rivett et al., 2014; Tomlinson et al., 2014; Tomlinson

et al., 2017)The study focused on six main classes of hydrocarbons: Total Petroleum Hydrocarbon
(TPH), Total Hydrocarbon Content (THC), Extractable Petroleum Hydrocarbons (EPH),
Polycyclic Aromatic Hydrocarbons (PAH), BenzehelueneEthylbenzeneylene (BTEX), and
Benzene. These were benchmarked against local standards (EGASPIN) and international standards
(WHO and CL:AIRE). The analysis revealed that hydrocarbon concentrations in both soil and
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groundwater samples from Imo and Rivers states exceeded national and international thresholds,
indicating widespread and alarming levels of contamination.

In soil samples, higher concentrations of hydrocarbons were observed in the central parts of Rivers
State, with TPH and THC values significantly exceeding the stipulated limits. The mean and
maximum values for TPH, THC, EPH, and PAH were notably abovepper thresholds of both
EGASPIN and Tomlinson et al., highlighting a severe risk of hydrocarbon contamination. In
groundwater samples, all reported hydrocarbon concentrations surpassed the lower limits of
national and global thresholds, with extremelynhv@glues concentrated in the central parts of the
study area. The mean concentrations of TPH, THC, EPH, PAH, BTEX, and Benzene were
substantially above the permissible limits set by WHO and EGASPIN, underscoring the urgent
need for remedial actions. Thartporal analysis of hydrocarbon concentrations in groundwater
showed variations over the years, with TPH and BTEX values decreasing, possibly due to natural
attenuation or differences in sampling locations. However, the overall trend indicated persistent
ard elevated levels of hydrocarbon contamination, necessitating continuous monitoring and
mitigation strategies.

The findings of this study reveal widespread hydrocarbon contamination in Imo and Rivers states,
posing significant health risks and environmental challenges. The elevated hydrocarbon
concentrations in soil and groundwater samples highlight the needh&diate remedial actions,
consistent monitoring, and community engagement. The study underscores the importance of
integrating insitu data with geospatial analysis and numerical modeling to develop a
comprehensive framework for assessing and mitigatigigdoarbon contamination risks. Future
research should focus on designing and implementing a multifaceted approach to oil spill disaster
management, including proactive and reactive responses, continuous environmental modeling, and
active engagement of adsacy groups and communibased organizations. Additionally,
developing siteor regionspecific models to forecast hydrocarbon contaminants and their toxicity

in the NDR is crucial for effective risk assessment and remediation strategies.

1.4 Objective 4

Chapter 5 focused on modelling the dissolpbdse Light NorAqueous Phase Liquids (LNAPL)
transport within regional groundwater flow systems to evaluate contamination patterns and guide
mitigation strategies. Numerical modeling of groundwater flow offeemntitative insights into its
sustainability, as demonstrated by various autfidogjue & Burgess, 2020; Islam et al., 2017;
Michael & Voss, 2008, 2009a, 2009however, accurately estimating groundwater model
parameters, especially fdatalimited aquifer systems like the Niger Delta, can be challenging.
Deeper wells may be shielded from absorbing HibiAPL water from shallow layers due to
multi-aquifer layering. The hydrogeologic structure and characteristics of the sediments, along
with the interplay between subsurface structure and surface hydrological conditions, determine
groundwater flow paths and influence the redistribution and flow paths of dissolved LNAPLSs.
Travel time also plays a crucial role, as longer travel times inctieasi#elinood of hydrocarbon
attenuation and degradation before reaching deep abstraction points.
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The Niger Delta hosts a complex, multilayered hydrogeological system primarily within the Benin
Formation, which is composed of unconsolidated permeable sandy and gravelly deposits
interbedded with clays and silig\bam & Nwankwoala, 2020)Groundwater is stored in
unconfined, semconfined, and confined aquifers, with depths extending up to 2000 rp&hars

& Nwankwoala, 202Q)These aquifers are replenished by abundant precipitation and lateral flow
from inland recharge zone@bam & Nwankwoala, 2020; Aweto et al., 2023; Aweto &
Ovwamuedo, 2023; Ohwoghefsuma et al., 2024; Ophori, 200Bhallow aquifers serve as the
primary water source for domestic and agricultural use, while deeper aquifers provide potable
water for urban centers and industries. However, coastal areas face challenges from saltwater
intrusion due to oveextraction andproximity to tidal zones. The study aimed to model
groundwater flow in a localized area within the Niger Delta, aeafljow direction, delineate
potential LNAPL movement, and determine any relationship between flow patterns and
abstraction at 250 metefisetween 240 m and 260 m) depth.

To achieve this, thredimensional finite difference numerical models of the madilifers of the

Niger Delta Basin were developed using USGS software: ModelMuse and MODFLOW. The
model domain captured the regional groundwater flow system, extendingrflamma irecharge
zones to the Atlantic Ocean, and included multiple hydrostratigraphic layers representing major
aquifer and aquitard units. Grid discretization was set to balance computational efficiency and
accuracy, with horizontal grid spacing of 10 kndaariable layer thicknesses. The model top was
created from SRTM elevation dat&nited States Geological Survey, 2022)d GEBCO
bathymetry data(GEBCO, 2024) subsampled onto the model grid. Lateral and vertical
discretization varied, with the model containing 40 rows, 30 columns, and 70 layers. Regional
boundaries were defined based on natural and structural features of the Niger Delta Basin, with
constanthead boundaries along the coastline antlow boundaris along structural flanks, River
Niger and the bottom boundary.

Three distinct modeling scenarios were developed to explore the potential range of
hydrogeological conditions in the Niger Delta: the Base Case Model (BCM), Typical
Homogeneous Delta Scenario (THDS1), and Typical Heterogeneous Delta Scenario (THDS2).
Thesescenarios varied in their anisotropy ratios (kh/kv) to represent different levels of horizontal
hydrogeological heterogeneity (horizontal anisotropy). Forward particle tracking was conducted
to simulate groundwater flow paths and contaminant migratioavialr (Figure 5.4), while
backward particle tracking was used to assess the viability of deep groundwater as a safe drinking
water source (Figure 5.5). The results indicated that under increasing anisotropy, groundwater flow
tends to favor lateral migrationrtsugh the permeable Benin Formation while limiting vertical
exchange. The findings suggest that deep groundwater may be a reliable source for drinking water
abstraction, as contaminants from spills are less likely to impact these deeper layersrHbeveve
sustainability of this solution depends on the specific hydrogeological conditions and the extent of
contamination in the region. Future work should focus on further investigating hydrogeological
parameters, validating findings through detailed nindeand field studies, and integrating these
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insights with environmental and so@gonomic factors to develop sustainable groundwater
management strategies.

2. Contribution to knowl edge

This research significantly advances the understanding of hydrocarbon contamination, particularly
the behaviar of Light NonAqueous Phase Liquids (LNAPLs) within deltaic settings. By
developing a comprehensive model of LNAPL dissolution and movement in deltaic environments,
the study provides new insights into the interplay between hydrogeological features and
hydrocarbon behavig in groundwater. The integration of limited field data with advanced
geospatial techniques to establish the SeRathwayRecetor (SP-R) linkage represents a novel
approach to risk assessment in deltaic regions. This methodology not only enhances the theoretical
understanding of contaminant transport dynamics but also offers practical tools for assessing and
managing contaminiain risks. The development of a globally applicable risk equation fer oil
producing deltaic environments further underscores the study's contribution to the field, providing
a standardized approach to hydrocarbon contamination risk assessment worldwide.

Moreover, this research is the first to systematically assess hydrocarbon contamination risks in the
Niger Delta, a region historically impacted by crude oil spills. By combining geospatial analysis
with in-situ data, the study develops a novel risk assest framework tailored to the unique
characteristics of deltaic environments. The findings reveal widespread contamination exceeding
permissible standards, highlighting the urgent need for remediation efforts. Additionally, the
study's groundwater flow ndels and contaminant transport simulations provide a comprehensive
understanding of hydrocarbon migration in deltaic settings, crucial for informingtéomg
mitigation strategies. The integration of these findings with sustainability indicators affdnssa

model for prioritizing groundwater management and protecting water resources in deltaic regions
globally.

Therefore, in summary, the reseammovided a better understanding of thie contamination
situationin Niger Delta, with policy inadequacies established. équationwas engineeregd
therebydevelopng a new approach to quantify risk. This has never been done in the Niger Delta
region. The set of, and combination of criteria is also ndwehddition,a new approach to
characterisgroundwatecontaminatiorwasappied.
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Table 6.1: The theoretical, empirical, and methodological contributions of this research, while
emphasizing advancements in understanding hydrocarbon contamination in deltaic environments.

2.1 Publications

At the time of writing this thesis, two papers have been published in internationakpiesved
journals, and three additional papers are currently under preparation as listedA\lelomference
proceedings and article publications were rigorously and anonymously peer reyizwedl
reviewers each) before acceptanceAjibola Rasidat Oyebamiji is the first author on all
publications, having authored the content, conducted the analysis, and drawn the conclusions. Drs.
Mohammad A. Hoque and Malcolm Whitwth have provided valuable contributions in their
supervisory roles, including editing, proofreading, and offering constructive feedback and
suggestions.

Oyebamiji, A. R., Hoque, M. A., & Whitworth, M. (ND). The behaviour of LNAPLs in coastal
deltasi vulnerability and potential exposure pathways in the Niger Déladér Review,
Chapter 2).

Oyebamiji, A. R., Hoque, M. A., & Whitworth, M. (2024). Regional Assessment of Groundwater
Contamination Risk from Crude Oil Spillages in the Niger Delta: A Né&\mdlication of the
SourcePathwayReceptor ModelEarth Systems and Environmeitl7. Published,Chapter 3;

with supplementary material &ppendix Al).

Oyebamiji, A. R., Hoque, M. A., & Whitworth, M. (2022, November). A Geospatial Assessment
of the Risk of Groundwater Contamination from QOil Spill in Niger Delta, Nigeriduro-
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