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Abstract 
This study critically investigates the risk of hydrocarbon activities linked to exploration, 

extraction, transportation, storage, and oil-related waste disposal on groundwater quality in Niger 

Delta Region (NDR) of Nigeria. Using a multi-faceted approach involving geospatial risk 

mapping, in-situ contamination analysis, and groundwater flow modelling, the research provides 

a comprehensive evaluation of hydrocarbon contamination risks. A source-pathway-receptor (S-

P-R) risk framework was developed, integrating 14 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, with high-risk zones 

predominantly spanning the central delta. Investigations in Rivers and Imo states, identified as 

hydrocarbon hotspots, revealed that hydrocarbon concentrations, including total petroleum 

hydrocarbons (TPH), total hydrocarbons (THC), extractable petroleum hydrocarbons (EPH), 

polycyclic aromatic hydrocarbons (PAHs), benzene- toluene-ethylbenzene-xylene (BTEX), and 

benzene, exceeded national and global permissible limits by several orders of magnitude. Elevated 

contamination levels were observed in southeastern areas of the 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 MODPATH 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 regions. The 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 potential to contaminate water supplies. 

The dissolved phase can persist in the environment for extended periods and may accumulate in 

certain areas, leading to long-term contamination risks, altering water quality and impacting 

aquatic life. This can have devastating impacts on human health, particularly if groundwater is 

used for drinking or agricultural purposes. While the dissolved phase was not explicitly modelled, 

advective flow patterns suggest minimal risks to deeper aquifers. However, it is important to 

consider the potential impacts on shallower aquifers and surface water bodies, which may be more 

susceptible to contamination. These 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 understanding of light non-aqueous phase liquids (LNAPL) transport 

dynamics in deltaic aquifers and offering a structured risk assessment framework, this study 

contributes valuable tools for assessing groundwater contamination in oil-producing regions. The 

framework also has broader applicability for sustainably managing groundwater in similar 

hydrocarbon-rich, ecologically sensitive environments globally. 

Keywords: Risk assessment, source-pathway-receptor (S-P-R) model, Niger Delta, groundwater 

flow modelling, Light Non-Aqueous Phase Liquids (LNAPLs). 



 

3 
 

Declaration 
Whilst registered as a candidate for the above degree, I have not been registered for any other 

research award. The results and conclusions embodied in this thesis are the work of the named 

candidate and have not been submitted for any other academic award. 

 

 

 

  



 

4 
 

Acknowledgements 
I would like to express my profound gratitude to my supervisor, Dr. Mohammad A. Hoque, who 

guided and supported me relentlessly throughout this PhD program, even when it was 

inconvenient. The huge additional support also received from my other supervisory team member, 

Dr. Malcolm Whitworth, is highly appreciated. My gratitude also goes to my Annual Review team 

(Drs Andy Gibson and Brian Baily), for consistently offering guidance and deep insights all 

through the journey. In addition, I will like to thank my Examination Team (Prof. Quazi K. Hassan, 

Drs Heather Massey and Kabari Sam) for a truly robust, delightful and enlightening discourse. 

My gratitude goes to the entire staff (academic, technical and support) of the University of 

Portsmouth, especially the graduate school team and the School of Environment, Geography and 

Geosciences and particularly to the proactive and selfless DDPGR (Dr Sabine Wulf).  

I will like to appreciate several collaborators, from Nigeria, UK and globally for their kind inputs, 

including David Holmes, Prof. Iyeneme, Gerraint Williams, Yongze Song and Dr. Akinwumiju.  

To my sponsors, The Commonwealth Scholarship Commission (CSC UK) and the Forum of 

African Women in Education (FAWE) for nominating me for the scholarship. Without this 

scholarship, this would only have remained a dream!  

To all my mentors, friends, students and colleagues (seniors and contemporaries) at the University 

of Portsmouth and Federal University Oye-Ekiti (Nigeria), thank you for believing in me and 

pushing me to be the best I can be per time. 

Finally, I would like to specially appreciate my sweetest family ï The Oyebamijis ï thank you for 

always being my rock, inspiration and greatest cheerleaders (Kay, Bola, Busi-Dipo, Dolls, Debo 

eh, OluwaFavourmi, Lollybaby), my Chocochoco - Ademeso Adetunji, and friends that became 

family - Doofan Akpera, Anu mi, the Adesemoyes, Pamelas, Joel Maga Amosun, Sanuade, the 

Ugors, the Wekpes, the Bingaris, Beedamie, Nuhu, Jimoh, Maria, Rhoda, the Onis, Prof. Agbon, 

Prof. Maf, Prof. Gabriel-Ajobiewe, Prof. Akintayo, Dr. Abimbade, Dr. Ayanda, Dr. Eluwole, Dr. 

Sodipe, the Fagbemiguns, Dr. Bj, Prof. Nwajide, Prof. Olasunkanmi, Prof. Okoh, Dr. Oyelami, 

Dr. Kola,  the Amos, the Obanyas, the Afenis, the Davids, Titilope,  Anush, Kabir Yahya, Tom 

Grant (the sweetest!), Laura, Eve, Shiku, Lisa, Steph, Guilherme, Willabo, William Bekoe, Sis 

Toyin, Kenny, Khennie, Bridget and, Eddie, Mr & Mrs Elijah, Edafe, Femi, Pst Gbemiga (Itapa) 

amongst others. My huge appreciation also goes to RCCG Masterôs Touch, LFC Oye-Ekiti, NMGS 

and NAPE colleagues, all my housemates and landlord, Pompey Connect2runners, and many well-

wishers who kept me sane and prayed for me to complete this research successfully. 

To God be all the glory!!! 

  



 

5 
 

Declaration of AI use 
I acknowledge the use of ChatGPT by OpenAI (GPT-4 version) (https://chat.openai.com/) and Le 

Chat by Mistral AI (https://chat.mistral.ai/chat) for refining my writing and improving grammar 

within my final assessment. I confirm that no content generated by AI has been presented as my 

own work  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

6 
 

Contents 
Abstract ................................ ................................ ................................ ........................  2 

Declaration ................................ ................................ ................................ ....................  3 

Acknowledgements ................................ ................................ ................................ ........ 4 

Declaration of AI use ................................ ................................ ................................ ...... 5 

Contents ................................ ................................ ................................ ........................  6 

List of Figures................................ ................................ ................................ ..............  12 

List of Tables ................................ ................................ ................................ ...............  14 

Chapter 1: Introduction ................................ ................................ ................................ . 15 

1. Introduction ................................ ................................ ................................ ..........  15 

1.1 Introduction/Research Context ........................................................................................ 15 

1.2 Aim and Objectives ......................................................................................................... 17 

1.3 Research Approach .......................................................................................................... 18 

1.4 Structure of the Thesis ..................................................................................................... 20 

1.5 References ....................................................................................................................... 22 

Chapter 2: Behaviour of LNAPLs in coastal deltas: vulnerability and potential exposure 

pathways via groundwater in the Niger Delta ................................ ................................ .... 24 

Abstract ................................ ................................ ................................ ...................  24 

1. Introduction ................................ ................................ ................................ ...... 25 

2. The Niger Delta Region (NDR) ï a brief overview ................................ ..................  27 

3. Research Approach ................................ ................................ ............................  29 

3.1 Method: Literature Search and Analysis ......................................................................... 29 

3.2 Literature Search Strategy ............................................................................................... 29 

3.3 Research Questions to scaffold Literature Analysis ........................................................ 29 

3.4 Data Extraction and Synthesis ......................................................................................... 30 

4. Analysis of Current Knowledge................................ ................................ ............  30 

4.1 Type and extent of oil contamination observed in the Niger Delta ................................. 30 

4.2  Key mechanisms and behaviours of LNAPLs in coastal deltaic environments, 

particularly in the Niger Delta, and how they influence groundwater contamination .......... 31 

4.3 Unique hydrogeological characteristics of the Niger Delta, its influence on the 

migration and distribution of LNAPLs, and potential implications for groundwater quality 34 



 

7 
 

4.4 Major exposure pathways and potential long-term consequences of LNAPL 

contamination in the Niger Delta on human settlement and drinking water sources ............ 35 

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 .......................................... 38 

5. Discussion ................................ ................................ ................................ ........ 39 

5.1 Attributes of vulnerability to oil contamination ........................................................ 39 

5.2 Groundwater as a pathway for exposure ......................................................................... 40 

5.3 Research needs and priorities to reducing potential exposure .................................. 41 

6. Conclusions ................................ ................................ ................................ ...... 43 

7. Funding: ................................ ................................ ................................ ...............  44 

8. Declaration of generative AI in scientific writing ................................ ........................  44 

9. Author contributions: CrediT ................................ ................................ ...................  44 

10. References ................................ ................................ ................................ ..........  45 

Chapter 3: Regional Assessment of Groundwater Contamination Risk from Crude Oil Spillages 

in the Niger Delta: A Novel Application of the Source-Pathway-Receptor Model ...................  50 

Abstract ................................ ................................ ................................ ...................  50 

1. Introduction ................................ ................................ ................................ ..........  51 

2 The Niger Delta Region (NDR) ï a brief overview ................................ ......................  53 

3 Data and Method ................................ ................................ ................................ .... 54 

3.1 Source Potency Sp ........................................................................................................... 59 

3.2 Pathway Transmissivity Pt .............................................................................................. 60 

3.3 Receptor Susceptibility Rs ............................................................................................... 60 

3.4 Overall Risk and classifications ................................................................................ 61 

4. Results ................................ ................................ ................................ .............  62 

4.1 Source Potency ................................................................................................................ 62 

4.2 Pathways Transmissivity ................................................................................................. 64 

4.3 Receptor Susceptibility .................................................................................................... 64 

4.4 Interaction Between Risk Components ........................................................................... 65 

4.5 Overall Risk Map............................................................................................................. 65 

5. Discussions ................................ ................................ ................................ ...........  66 

5.1 The Source-Pathway-Receptor Model for Regional Risk Assessment ........................... 66 



 

8 
 

5.2 Appropriateness of S-P-R approach and overall risk ...................................................... 67 

5.3 Implications for groundwater sustainability and risk management .......................... 68 

6. Conclusions ................................ ................................ ................................ ..........  69 

7. Acknowledgement ................................ ................................ ................................ . 70 

8. Conflict of interest statement ................................ ................................ ...................  70 

9. Competing interests................................ ................................ ................................  70 

10. Funding ................................ ................................ ................................ ..............  70 

11. References ................................ ................................ ................................ ..... 70 

Chapter 4: Magnitude of Hydrocarbon Contamination Risk Using In-Situ Data in Niger Delta . 76 

Abstract ................................ ................................ ................................ ...................  76 

1. Introduction ................................ ................................ ................................ ..........  77 

2. Materials and method ................................ ................................ .............................  80 

2.1 Hotspot of hydrocarbon contamination in the NDR ........................................................ 80 

2.2 Data compilation, Standardisation and Analysis ............................................................. 81 

2.3 Hydrocarbon species, standards and thresholds .............................................................. 82 

3. Results ................................ ................................ ................................ .................  84 

3.1 Soil ................................................................................................................................... 84 

3.2 Groundwater .................................................................................................................... 88 

4. Discussion ................................ ................................ ................................ ............  93 

4.1 Widespread and Severe Soil Hydrocarbon Contamination with Ecological Implications

 ............................................................................................................................................... 93 

4.2 Persistent Challenges of Hydrocarbon Contamination in Groundwater ......................... 95 

5. Conclusion ................................ ................................ ................................ ...........  96 

6. Acknowledgments/Funding ................................ ................................ .....................  97 

7. Conflict of Interest Statement ................................ ................................ ..................  97 

8. Data availability statement ................................ ................................ ......................  97 

9. Ethics statement................................ ................................ ................................ ..... 97 

10. Declaration of generative AI in scientific writing ................................ ......................  97 

11. References ................................ ................................ ................................ ..........  97 

Chapter 5: Assessing the Influence of Oil Spills in the Niger Delta: A Preliminary Analysis using 

Regional Groundwater Flow Modelling ................................ ................................ ......... 101 



 

9 
 

Abstract ................................ ................................ ................................ .................  101 

1. Introduction ................................ ................................ ................................ ........ 101 

2. Materials and methods ................................ ................................ ..........................  104 

2.1 Hydrogeological settings in the NDR ............................................................................ 104 

2.2 Groundwater Flow Model ............................................................................................. 106 

3. Results ................................ ................................ ................................ ...............  112 

3.1 Groundwater flow model ............................................................................................... 112 

3.2 Simulations of flow from oil spills and vulnerability of deep groundwater .................. 113 

4. Discussion ................................ ................................ ................................ ..........  116 

4.1 Potential pattern groundwater contamination from spills.............................................. 116 

4.2 Deep groundwater as potential solution ........................................................................ 117 

4.3 Implications and future work ......................................................................................... 117 

5. Conclusion ................................ ................................ ................................ ......... 118 

6. Acknowledgments/Funding ................................ ................................ ...................  119 

7. Conflict of Interest Statement ................................ ................................ ................  119 

8. Data availability statement ................................ ................................ ....................  119 

9. Ethics statement................................ ................................ ................................ ... 119 

10. Declaration of generative AI in scientific writing ................................ ....................  119 

11. References ................................ ................................ ................................ ........ 119 

Chapter 6: Discussion and Contribution to Knowledge ................................ .....................  124 

1. Synthesis ................................ ................................ ................................ ............  124 

1.1 Objective 1 ..................................................................................................................... 124 

1.2 Objective 2 ..................................................................................................................... 125 

1.3 Objective 3 ..................................................................................................................... 128 

1.4 Objective 4 ..................................................................................................................... 129 

2. Contribution to knowledge ................................ ................................ ....................  131 

2.1 Publications ................................................................................................................... 132 

3. Limitations of the research ................................ ................................ ....................  133 

4. Conclusions and Future Directions ................................ ................................ ......... 134 

5. References ................................ ................................ ................................ ..........  134 



 

10 
 

Appendices ................................ ................................ ................................ ................  138 

Appendix A1 - Supplementary Material; Earth Systems and Environment on Regional 

Assessment of Groundwater Contamination Risk from Crude Oil Spillages in the Niger Delta: A 

Novel Application of the Source-Pathway-Receptor Model ................................ ...............  138 

S.1. Introduction ................................ ................................ ................................ ..... 138 

S.2. Sensitivity Analysis ................................ ................................ ...........................  141 

S.2.1. Sensitivity Analysis of the Source Potency ................................ .........................  142 

S.2.2. Sensitivity Analysis of the Pathway Transmissivity ................................ .............  144 

S.2.3. Sensitivity Analysis on the Overall Risk model ................................ ...................  145 

S.2.3.1. Sensitivity Analysis of the Receptor Susceptibility (where population density equals 

zero) ..................................................................................................................................... 147 

S.2.3.2. General insights for the overall risk model ............................................................ 147 

Appendix A1.1 - Supplementary Material; Earth Systems and Environment on Regional 

Assessment of Groundwater Contamination Risk from Crude Oil Spillages in the Niger Delta: A 

Novel Application of the Source-Pathway-Receptor Model ................................ ...............  148 

1. Principal Component (PCA) and Correlation Analysis ................................ ...............  148 

Appendix A2 ï A geospatial assessment of the risk of groundwater contamination from oil spill 

in Niger Delta, Nigeria. ................................ ................................ ...............................  151 

Abstract ................................ ................................ ................................ .................  151 

1. Introduction ................................ ................................ ................................ ........ 151 

2. Materials and Methods ................................ ................................ .........................  152 

2.1 The Method.................................................................................................................... 152 

3. Results and Discussions ................................ ................................ ........................  153 

3.1 Sources of Oil Spills in Niger Delta Results ................................................................. 153 

3.2 Hotspot Analyses ........................................................................................................... 153 

3.3 Risk Assessment ............................................................................................................ 154 

4. Conclusion ................................ ................................ ................................ ......... 155 

5. References ................................ ................................ ................................ ..........  155 

6. List of Figures ................................ ................................ ................................ ..... 157 

Appendix 3 (A3): Supplementary Material on Magnitude of hydrocarbon contamination risk 

using in-situ data in Niger Delta ................................ ................................ ...................  158 

1. Introduction ................................ ................................ ................................ ........ 158 



 

11 
 

2. Results ................................ ................................ ................................ ...............  159 

Appendix 4 (A4): Supplementary Material 2 Providing Supplementary Information on the 

Estimation of Groundwater Concentrations of BTEX Using a Soil-to-Water Partitioning Model

 ................................ ................................ ................................ ................................  161 

1. Introduction ................................ ................................ ................................ ........ 161 

2. Equation Used ................................ ................................ ................................ ..... 161 

3. Parameters and Standard Values Used................................ ................................ ..... 161 

3.1 Soil-Water Partition Coefficient (Kd) ............................................................................ 161 

3.2 Soil Bulk Density (ɟb) ................................................................................................... 162 

3.3 Volumetric Water Content (ɗw) ..................................................................................... 162 

4. Assumptions and Justifications ................................ ................................ ..............  163 

5. Conclusion ................................ ................................ ................................ ......... 163 

6. References ................................ ................................ ................................ ..........  164 

Appendix 5 (A5): Geo-Statistical exploratory analyses of in-situ hydrocarbon risks in the Niger 

Delta Region, Nigeria ................................ ................................ ................................ . 165 

Abstract ................................ ................................ ................................ .................  165 

1. Introduction ................................ ................................ ................................ ........ 165 

2. Settings ................................ ................................ ................................ ..............  167 

3. Results ................................ ................................ ................................ ...............  168 

3.1 Results - Soil .................................................................................................................. 168 

3.2 Results - Groundwater ................................................................................................... 172 

4. Discussion ................................ ................................ ................................ ..........  172 

5. Conclusions ................................ ................................ ................................ ........ 173 

6. References ................................ ................................ ................................ ..........  174 

Ethics (Evidence) ................................ ................................ ................................ ....... 190 

 

 

 

 



 

12 
 

List of Figures 
Figure 1. 1: Research Approach.................................................................................................... 19 

Figure 1. 2: Structure of the thesis using the compilation style. ................................................... 21 

Figure 2. 1: Spatial distribution of spill events, oil wells, pipeline network and population densities 

in the Niger Delta region............................................................................................................... 28 

Figure 2. 2: Simplified Hermeneutic i.e. iterative approach to identify the LNAPLs risk factors in 

contaminating groundwater in deltaic settings. ............................................................................ 30 

Figure 2. 3: LNAPL behaviour across unsaturated and saturated zones and its saturation profile in 

different soil types, adapted from (ITRC, 2014; ITRC., 2018). ................................................... 33 

Figure 2. 4:  Conceptualization of mechanisms of groundwater contamination from LNAPL spills 

in the Niger Delta, drawing and adopting insights from Rivett et al. (2014). .............................. 37 

Figure 2. 5: Conceptual summary of current knowledge and research gaps in hydrocarbon 

contamination in the Niger Delta. ................................................................................................. 43 

Figure 3. 1: Integrated view of the Niger Delta region, highlighting the spatial relationship between 

population density and oil-related infrastructure. éééééééééééééééééé.54 

Figure 3. 2: The S-P-R framework for groundwater contamination risk assessment of the Niger 

Delta in Nigeria. éééééééééééééééééé..éééééééééééé..56 

Figure 3. 3: A tripartite visual assessment of hydrocarbon risk factors across the Niger Delta 

Region, encapsulating Source Potency, Pathway Transmissivity, Receptor Susceptibility (on the 

left); and the interactions between these pairs (on the right)éééééééééééé....é. 63 

Figure 3. 4: Overall Risk Map generated from integrating the multicriteria analysis under the 

source-pathway-receptor (S-P-R) framework. ééééééééééééééééééé...66 

Figure 4. 1:  The study area of focus - Rivers and Imo states - two main hotspot states within the 

hydrocarbon contamination risk hotspot areas of the Niger Delta region and its spatial relationship 

to the Nigeria nation and African continent at large. ééééééééééééééééé79 

Figure 4. 2: The Flow chart for systematic search of various databases, with focus on Scopus and 

Science Direct. éééééééééééééééééééé...............................................82 

Figure 4. 3: Spatial relationship between the various hydrocarbon species as reported in 

soil/sediments. éé..ééééééééééééééééééééééééééééé.86 

Figure 4. 4:  Range of values of concentration of hydrocarbons in soil and sediment samples within 

the study area. ...ééééééééééééééééééééééééééééééé.87 

Figure 4. 5: Variations in concentrations of TPH and possible relationship with groundwater 

table fluctuations via grouping vertically, by depthééééééééééééé...................88 

Figure 4. 6: Relationship/Trends between TPH and distance to nearest pipe and Elevation in 

groundwater. éééééééééééééééééééééééééééééééé..88 

Figure 4. 7: Spatial relationship between the various hydrocarbon species as reported in 

groundwater sampled and the spill volumes documented by NOSDRA. 

éééééééééééééééééééééééééééééééééééééé91 

Figure 4. 8: Distributions/Trends of various hydrocarbon concentrations by depth in groundwater 

(Õg/L), showing the presence of some hydrocarbon types (TPH and THC) beyond the regionôs 

typical maximum water table of 3 ï 4m. éééééééééééééééééééééé91 

Figure 4. 9: Range of values of concentration of hydrocarbons in groundwater samples within the 

study areaééééééééééééééééééééééééééééééééé...92 



 

13 
 

Figure 4. 10: Patterns between TPH concentration values and proximity to pipelines and elevation. 

ééééééééééééééééééééééééééééééééééééé....93 

Figure 4.11: Variability in hydrocarbon concentrations across groundwater samples reported in 

various studies, grouped by publication yearéééééééééééééééééééé.93 

Figure 5. 1: The map showing the Niger Delta Region (NDR) along with its regional relief and the 

location of the oil spills across the delta.. ................................................................................... 102 

Figure 5. 2: The study area - grid, model geometry and boundary conditions. .......................... 107 

Figure 5. 3: Groundwater flow model and head distribution within the study domain.. ............ 113 

Figure 5. 4: Oil spill locations and forward particle tracking within the study domain. ............ 114 

Figure 5. 5: Backward particle tracking for boreholes at depths of 240 - 260 m traces groundwater 

flow back to up-gradient recharge areas. .................................................................................... 115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

14 
 

List of Tables 
Table 2.1: Common LNAPL contaminants and their physical properties, with focus on those found 

within the Niger Delta region, edited after EPA (1998) and Mercer and Cohen (1990) in Hawkins 

et al. (2013)ééééééééééééééééééééééééééééééééé.33 

Table 3.1:  Assessment of parameters influencing the S-P-R Risk Model..éééééééé....56 

Table 4.1: Selected articles after systematic searchéééééééééééééééééé83 

Table 5.1: Model Units (from top to bottom) and their vertical discretizationéééééé....106 

Table 5.2: Estimating the effective hydraulic conductivity using these hydraulic conductivity 

values for the various lithofacies, after Hoque and Burgess (2020)ééééééééééé.109 

Table 6.1:  The theoretical, empirical, and methodological contributions of this research, while 

emphasizing advancements in understanding hydrocarbon contamination in deltaic 

environmentséééééééééééééééééééééééééééééé........132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

15 
 

Chapter 1: Introduction 

1. Introduction 

1.1 Introduction/Research Context 

Globally, hydrocarbon contamination from oil and gas sector activitiesðincluding exploration, 

refining, storage, transportation, utilization and disposal ðhas raised significant environmental 

and human health concerns  (Atoufi et al. et al., 2020; Ite et al., 2013; Waqar, 2024). This issue is 

particularly pressing in oil-producing deltaic environments, which have unique characteristics: 

highly porous media, low slope angles, fluctuating water levels, and dense populations situated 

near rivers (Adeola et al., 2022; Atoufi et al. et al., 2020; Waqar, 2024). Hydrocarbons 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 Non-Aqueous Phase Liquids (NAPLs), which are immiscible with water, meaning they do 

not dissolve easily into groundwater and instead form a separate liquid phase (Leharne, 2019). 

Thus, a primary source of concern is Non-Aqueous Phase Liquids (NAPLs), a mixture of organic 

compounds that are initially immiscible but gradually dissolve into water, exhibiting varied 

viscosities and densities that complicate their behaviour and toxicity (Li et al., 2024; Philippe et 

al., 2020; Yin et al., 2023). NAPLs are categorized into Light and Dense NAPLs (LNAPLs and 

DNAPLs) based on their density and interactions with water. LNAPLs, which include Polycyclic 

Aromatic Hydrocarbons (PAHs), are of particular concern due to their hydrophobicity, mutagenic 

properties, and known carcinogenic effects (Abdel-Shafy & Mansour, 2016; Ismail, 2023; Ismail 

et al., 2023; Lu et al., 2017; Mineo et al., 2022). In deltaic areas, LNAPLs often dissolve below 

the water table and flow along with groundwater, presenting a direct risk of contamination for 

shallow wells and boreholes (Rivett et al., 2014). 

Human exposure to hydrocarbons can occur through various pathways, including ingestion, 

inhalation, and dermal contact (Abdel-Shafy & Mansour, 2016; Ifegwu & Anyakora, 2015; 

Kuppusamy et al., 2020; Tormoehlen et al., 2014; UNEP, 2011). UNEP (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 understanding their long-term impacts on the environment and 

human health, noting that most studies focus on short-term effects. Meanwhile, several authors 

(Peterson et al., 2012; Peterson et al., 2003; Tormoehlen et al., 2014) highlighted that long-term 

impacts of oil spills could be even more damaging. Comparisons by French (2007); Snowden 

(1993); McLusky and McLusky (1989); Snowden and Ekweozor (1990) between deltas and 

estuaries affected by oil activities underscore the limited understanding of these activities' 

environmental impacts. Additionally, several researchers (Lapworth et al., 2012; Pal et al., 2010; 

Sorensen et al., 2015) have 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 LNAPLs in groundwater, yet studies addressing these peculiarities 

remain limited, especially as LNAPLs are quite complex (Waqar, 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-

Pathway-Receptor (S-P-R) model provides a critical framework for this assessment, particularly 

in areas with frequent point sources of spills, such as oil wells, pipelines, and storage facilities. By 

leveraging data on these sources, the S-P-R model enables a comprehensive analysis of Light Non-

Aqueous Phase Liquids (LNAPL) mobility 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 pinpointing high-risk zones and understanding the 

potential for groundwater contamination. Additionally, receptor mappingðusing census data and 

global population modelsðenhances the robustness of these risk assessments by identifying 

vulnerable populations and ecosystems that are most at risk. 

However, regional risk assessments alone are not enough. While they can identify areas of concern, 

they often fail to provide insight into the magnitude of contamination. It is essential to go beyond 

these broad assessments to evaluate the severity, extent, and magnitude of contamination risks 

within the identified areas. This deeper understanding is critical for developing effective mitigation 

strategies. 

Assessing or screening every tube well or area in detail may not be feasible, which is where 

modeling comes in. By using models, we can characterize risks at a very detailed level, revealing 

likely pathways for groundwater contamination. These models can also simulate mitigation 

strategies, providing valuable insights into how contamination can be managed and reduced. With 

data specific to the Niger Delta, modeling becomes an invaluable tool for understanding and 

addressing contamination risks in the 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 behaviour and 

receptor vulnerability, we can develop more accurate and context-specific risk assessments. This 

not only advances the field 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 worldwide. Therefore, there is dire need for a systematic study which integrates 

these various components towards assessing the risk impact of contamination from hydrocarbon-

related activities within the NDR. 
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Hydrocarbon contamination of groundwater is increasingly prevalent, and many researchers 

(Nadim et al., 2000; Shih et al., 2004) call 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 densities by Nasr (2024). Understanding the 

complexity of hydrocarbon behaviour in groundwater systems is essential to develop effective 

mitigation and management strategies. A thorough comprehension of contaminant transport 

mechanisms within the subsurface, and a comprehensive risk assessment approach, are crucial for 

protecting groundwater resources in hydrocarbon-impacted regions. This, however, can be quite 

challenging, in oil-producing deltaic areas that are physically inaccessible due to various reasons 

such as terrain challenges and insecurity and demands for integrated approaches that are reliable 

and accurate. 

Therefore, the resulting overarching research question upon which this research is based is: ñCan 

the integration of limited field observations and augmented geospatial data be effectively utilised 

to characterise S-P-R of hydrocarbon contamination for spatial scale risk assessment in deltaic 

settings?ò 

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 Nigeriaôs Niger Delta region as a case study. The 

objectives of research to achieve this aim are: 

1) Critically review the behaviour of Light Non-Aqueous Phase Liquids (LNAPLs) and the 

hydrogeological challenges of deltaic oil-producing regions, with a focus on the Niger Delta. 

2) Develop and apply a geospatial risk framework to analyse source-pathway-receptor (S-P-R) 

linkages and delineate high-risk zones for groundwater contamination in the Niger Delta. 

3) Assess hydrocarbon contamination in soil and groundwater using in-situ data and benchmark 

findings against national and global standards. 

4) Model dissolved-phase LNAPL transport within regional groundwater flow systems to evaluate 

contamination patterns and guide mitigation strategies. 

Understanding and managing hydrocarbon contamination in oil-producing deltaic regions, such as 

the Niger Delta, requires a multi-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 behaviour 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 attributes, hydrogeology, and hydraulics of the Niger Delta, we can identify the key 

factors that influence contaminant behaviour and transport. 



 

18 
 

Building on this understanding, the next objective is to apply a geospatial risk framework to 

analyse source-pathway-receptor (S-P-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 delineate high-risk zones for 

groundwater contamination. This geospatial analysis is crucial for identifying areas where 

contaminants are most likely to impact groundwater resources 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 using in-situ data 

obtained from published peer-reviewed literature. Rather than conducting 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 scientific findings. 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 dissolved-phase LNAPLsô transport 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 patterns, we can identify likely pathways for groundwater 

contamination and develop targeted mitigation strategies. This 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 behaviour, applying a geospatial risk framework, assessing in-situ 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 contamination in 

deltaic regions. This integrated approach not only advances 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, multi-method approach to tackle the pressing issue of 

hydrocarbon contamination risks in the Niger Delta groundwater resource (Figure 1.1). At the core 

of this study is the Source-Pathway-Receptor (S-P-R) model, which serves as a conceptual 

foundation for integrating various analytical techniques. The research combines geospatial 

analysis with in-situ contamination evaluation and numerical modeling to provide a holistic 

understanding of the contamination dynamics. 
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The geospatial risk framework developed and applied in 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 stakeholders to prioritize intervention efforts. Field and laboratory data from previously 

published literature were analysed to quantify contamination levels in soil and groundwater, with 

findings benchmarked against 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 behaviour of dissolved-phase 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 multi-method approach, the study 

provides a comprehensive framework for assessing and managing hydrocarbon contamination 

risks, with implications for both local and global 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 environments is a 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 associated with hydrocarbon contamination in groundwater. 

 

Figure 1. 1: Research Approach. This flow chart illustrates the structured, multi-method 

approach adopted in the research, highlighting the integration of various analytical techniques 

and the development of a comprehensive risk assessment and management framework. 



 

20 
 

1.4 Structure of the Thesis  

The Ph.D. thesis is written as a collection of original article publications and is structured as six 

comprehensive chapters (Figure 1.2), each addressing a specific objective related to the study of 

Light Non-Aqueous Phase Liquids (LNAPLs) and hydrogeological challenges in deltaic oil-

producing regions, with a particular focus on the Niger Delta. It offers a comprehensive analysis 

of the risk of groundwater contamination from crude oil related activities. The 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-

pathway-receptor connections typical of deltaic environments, it offers important insights into 

regional risk assessment. The study thoroughly examines the environmental impacts of 

hydrocarbon activities, that is exploration, production, refining, storage, transportation, utilization 

and disposal, on 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 NDR, in order to 

determine the extent and severity of oil-related 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 to analyse source-pathway-receptor linkages and delineate high-risk 

zones for groundwater contamination. Chapter 4 focuses on assessing the severity of hydrocarbon 

contamination in soil and groundwater, utilizing in-situ data and benchmarking findings against 

national and global standards. Chapter 5 examines hydrocarbon flow dynamics within 

groundwater systems, modelling dissolved-phase Light Non-Aqueous Phase Liquids (LNAPLs) 

transport to evaluate contamination patterns and inform mitigation strategies. Finally, Chapter 6 

concludes the thesis by summarising key findings, offering recommendations, and discussing the 

broader implications of the research. 
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Figure 1. 2: Structure of the thesis using the compilation style. This shows an overview of the 

contents of each chapter. 
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Abstract 

Oil spill disasters pose enduring environmental and public health challenges in oil-producing 

regions, particularly in the Niger Delta, where over 7,000 documented incidents frequently occur 

near densely populated 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 (LNAPLs) and contextualize their impact in coastal deltas, with a 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 geology. These factors 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 complexity 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 identify high-priority areas for remediation. By 

integrating these approaches, this study provides a framework for delineating high-risk zones and 

guiding targeted clean-up efforts, contributing to improved risk management and environmental 

protection in the Niger Delta. 

Key words: Niger Delta, Oil spills, Light Non-Aqueous Phase Liquids (LNAPLs), coastal deltas, 

Groundwater contamination, exposure pathways 
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Graphical Abstract:  

 

Highlights:  

¶ 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 Non-Aqueous Phase Liquids (LNAPLs), 

presents a pervasive environmental and public health challenge worldwide. LNAPLs, primarily 

derived from oil spills and industrial discharges, are persistent pollutants with the potential to 

severely impact groundwater quality, ecosystems, and human health. This issue is especially 

critical in large deltaic regions, such as the Niger Delta (Nigeria) Amazon Delta (Brazil), Orinoco 

Delta (Venezuela), and Mackenzie Delta (Canada), where complex hydrogeological systems and 

dense populations amplify the risks associated with oil spill contamination (Datta & Hurlbert, 

2019; Loi et al., 2022; Loucks et al., 2017; Onyena & Sam, 2020). In these regions, contamination 

threatens vital water supplies, agriculture, and biodiversity, underscoring the global severity of 

LNAPL impacts (Schwarzenbach et al., 2010). 
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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 inhabitants (Ite et al., 2013). This region, 

characterized by extensive wetlands and rivers, serves as a critical socio-economic hub for Nigeria, 

contributing significantly to the nation's economy through oil production. However, the Niger 

Deltaôs dense population, reliance on groundwater, and intensive oil exploration activities make it 

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 environmental and public health risks (Akinwumiju et al., 2020; Sam et al., 

2017b; Wekpe et al., 2022, 2024a, 2024b). These spills threaten not only surface ecosystems but 

also groundwater resources, the primary source of drinking water for many local communities, 

often accessed via hand-dug wells and tube wells. 

Despite the scale of the problem, significant knowledge gaps persist regarding LNAPLsô behaviour 

in the Niger Deltaôs distinctive hydrogeological context. Most research has focused on surface-

level environmental consequences, often neglecting the long-term subsurface contamination and 

its implications for groundwater quality and public health. This gap is critical, given the regionôs 

high water table, fluctuating groundwater levels, and porous soil structure, which enhance the 

mobility, dissolution, and redistribution of hydrocarbons (Wali 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 identifying high-risk 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 spillages (Yadav & Hassanizadeh, 2011), and controlled 

laboratory experiments (Cavelan et al., 2024; Kechavarzi et al., 2008) offers valuable insights. 

Laboratory studies have elucidated key LNAPLsô behaviours, including their mobility, interaction 

with groundwater, and dissolution processes, which can be contextualized to the Niger Deltaôs 

geology and hydrogeology (Tomlinson et al., 2017). Advanced 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 in soil 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 and adapting 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 emphasizes the importance of aligning remediation efforts with the 

realities of the Niger Deltaôs drinking water infrastructure, including hand-dug wells and tube 

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) ï a brief overview 

Many deltas are sites of ample natural resources and significant oil and gas development. The 

Niger Delta, a densely populated region (Figure 2.1), as officially defined by the Federal 

Government of   Nigeria encompasses the following states in the southern part of Nigeria: Abia, 

Akwa-Ibom, Bayelsa, Cross river, Delta, Edo, Imo, Ondo and Rivers (Figure 2.1), and 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 Benue rivers (Ite et al., 

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., 2024a), and 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 1958 (Ite et al., 2013; 

Wekpe et al., 2022). As 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.  

Approximately 100 people lives on every km2 landmass area within the Niger Delta (Figure 2.1), 

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, dense populations seem to cluster around or near oil-

bearing pipelines. For this reason, majority of the residents are at greater risks when LNAPLsô 

pollution occur in the surface waters and soils (Figure 2.1). 
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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 km2 that could be impacted by oil 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 109 L or 13 x 109 m3) daily exported for refining and account mainly for the economic 

sustenance of the nation itself. A series of interconnected pipelines (Figure 2.1) also 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 well-drained 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 coastal plain sand 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 boreholes of 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 Light Non-Aqueous Phase Liquids 

(LNAPLs) in coastal deltas, with a focus on groundwater contamination and exposure pathways 

in the Niger Delta, we employed an iterative hermeneutic technique (Feist 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, Scopus, Science Direct and Google Scholar, to capture a broad range of relevant studies. 

This was later reduced to two major one, which are the Science Direct and Scopus. The search 

strategy involved using specific keywords and phrases in various combinations, such as: 

Å "LNAPL behaviour" AND "coastal deltas" 

Å "Groundwater contamination" AND "Niger Delta" 

Å "Oil spill" AND "LNAPL migration" AND "risk assessment" 

Å "Hydrogeological characteristics" AND "exposure pathways" AND "oil-producing 

regions" 

The search was restricted to peer-reviewed 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 with the scope 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 to frame our review under the 'Current Knowledge and 

Understanding' heading: 

1. What are the key mechanisms and behaviours of LNAPLs 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 LNAPLs, and what are the implications for 

groundwater quality? 

3. What are the known exposure pathways for communities in the Niger Delta region due to 

LNAPLsô contamination, and what knowledge gaps exist in understanding these pathways? 

4. How can existing knowledge of LNAPLsô behaviour 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 long-term consequences of LNAPLs contamination 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 (Figure 2.2) was 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 comprehensive synthesis of current knowledge, identification of research 

gaps, and exploration of opportunities for applying existing knowledge to improve risk assessment 

and management in oil-producing coastal deltaic settings. 

 

 

Figure 2.2: Simplified Hermeneutic i.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 Bayelsa state (Egbe & 

Thompson, 2010), and its exploration/drilling began in Oloibiri (Bayelsa) in 1958 (Ite et al., 2013). 

Several authors (Sam et al., 2017b; Zabbey et al., 2019) affirm 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 (2007) believe 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 (2010) reported that over 4000 spills had occurred in the Niger Delta between 

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

spills between 1976 and 2001 with almost 3 million barrels lost and over 7000 spills between 2000 

and 2021 (NOSDRA, 2021). UNDP (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 recovered (Akinwumiju et al., 2020; Oyebamiji et al., 2022; Wekpe et al., 2022). 

UNEP (2011) reported 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 Pålsson (2013) and Pålsson and Lindén (2014) reported significant amounts of 

extractable petroleum hydrocarbons (EPHs), polycyclic aromatic hydrocarbons (PAHs) and 

benzene in surface water, hand dug well water samples and sediments. Ordinioha and Brisibe 

(2013) reported cases of PAHs and benxo (a) pyrene, naturally occurring radioactive materials, 

and trace metals, as bioaccumulations in food crops. Clinton et al. (2009) decried high values of 

total hydrocarbon concentration (THC) observed in samples of water, periwinkle and mudskipper 

that were analysed. 

Osuji and Achugasim (2010) recorded high levels of aromatics such as benzene, Dichlorobenzene, 

Ethylbenzene, Toluene, p xylene and o xylene two months after the spill while (Amangabara & 

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 Non-Aqueous Phase Liquids (LNAPLs) and crude oils, in 

the environment (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). Generally, 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 LNAPLs 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 tables and migrate laterally within the 

capillary fringe, forming pools or lenses that persist in the subsurface (Tomlinson et al., 2017; 

Yadav & Hassanizadeh, 2011). Studies indicate that their behaviour is governed by factors such 
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as soil type, water table dynamics, and contaminant properties (Hawkins, 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 water table. Hawkins (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 their dissolution into groundwater. In the 

saturated zone, LNAPL recovery potential increases as the water table falls due to gravity-driven 

drainage (Figure 3). These dynamics create challenges for understanding contaminant partitioning 

into vapor, liquid, and dissolved 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). Fine-grained clay layers act as 

capillary barriers, restricting vertical movement and causing lateral redistribution of LNAPLs 

(Zhao et al., 2024). However, the discontinuity of these layers in heterogeneous soils can lead to 

localized accumulation of LNAPLs, as illustrated by the "shark fin" and step-like saturation 

profiles observed in laboratory studies (Figure 2.3) (Kechavarzi et al., 2008). These complexities 

highlight the importance of site-specific 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 groundwater (Cavelan et al., 2024; Yadav & Hassanizadeh, 2011). This 

interaction accelerates the dissolution of soluble hydrocarbons, such as BTEX compounds, into 

the aqueous phase, creating dissolved plumes that migrate with groundwater flow (Ismail 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 methyl tert-butyl 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 from (ITRC, 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 their partitioning into vapor, liquid, and dissolved phases. (b) 

Saturation profile of LNAPLs 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 step-like changes in saturation due to capillary barriers and 

soil heterogeneity, which lead to localized accumulation and redistribution of LNAPLs. 

Table 2.1: 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 

Gravity  

Absolute 

Viscosity 

(cP) 

Interfacial 

Tension 

(dyne/cm) 

Surface 

Tension 

(dyne/cm) 

Water 

Solubility 

(mg/L) 

Vapour 

Pressure 

(mmHg) 

Propensity to degrade 

Aerobic Anaerobic 

Benzene 0.874 0.603 35.00 28.90 1.75E+03 9.52E+0

1 

V  V  

Chlorobenzene 1.106 0.799 37.40 35.97 4.66E+02 1.17E+0

1 

V  V  

Ethylbenzene 0.867 0.678 35.50 31.48 1.52E+02 7.00E+0

0 

V  V  
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Toluene 0.862 0.552 36.10 30.90 5.35E+02 2.81E+0

1 

V  V  

O-Xylene 0.880 0.809 36.06 32.51 1.75E+02 6.60E+0

0 

V  V  

Trichloroethen

e (TCE) 

1.468 0.566 34.50 29.50 1.10E+03 5.79E+0

1 

- V  

Crude Oil 0.70 ï 

0.98 

8 - 87 - 24 - 38 - - - - 

Diesel 0.80 ï 

0.85 

1.10 ï 

3.50 

50 25 - - - - 

 

4.3 Unique hydrogeological characteristics of the Niger Delta, its influence on the 

migration and distribution of LNAPLs, 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., 2021). This heterogeneous stratigraphy significantly 

influences the migration and distribution of Light Non-Aqueous Phase Liquids (LNAPLs), posing 

substantial risks to groundwater quality (Zhao et al., 2024). The interplay between LNAPL 

behaviour, hydrocarbon types, and the deltaôs distinct subsurface conditions creates complex 

contamination scenarios that demand careful consideration. 

LNAPL migration in the Niger Delta is heavily influenced by the physical properties of the 

hydrocarbons involved, such as their density, viscosity, and solubility (Smith 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, ethylbenzene, and xylene (BTEX) are of 

particular concern due to their high solubility, mobility, and carcinogenicity (Rivett et al., 2014; 

Tomlinson et al., 2017). The 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 hydrocarbons (Nwankwoala & 

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

The Niger Deltaôs stratigraphy plays a pivotal role in controlling LNAPL migration and 

distribution. The sand layers within the Benin Formation facilitate lateral spreading, enabling 

LNAPLs to accumulate and migrate horizontally along permeable pathways within the 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 thickness and integrity; discontinuities or fractures can allow 
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LNAPLs to bypass these barriers, contaminating deeper aquifers (Waqar, 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 paths (Geng & 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 interface between LNAPLs and groundwater 

(Ismail et al., 2023). This process enhances the dissolution of hydrocarbons into the aqueous phase, 

forming dissolved plumes that migrate with groundwater flow. Additionally, the regionôs shallow 

water table, often less than 4.5 meters below the surface in many areas, increases the vulnerability 

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 penetration of contaminants due to gravity-driven 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. This interaction alters LNAPL 

density and solubility, potentially increasing the mobility of specific hydrocarbons (Ismail et al., 

2023; Smith et al., 2024; Zhao et al., 2024). The 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 such as benzene, which have been detected at 

concentrations exceeding international safety standards in drinking water wells, present long-term 

health risks to local populations (Richard et al., 2023). Furthermore, the persistence of certain 

LNAPLs, coupled with the regionôs geological complexity, makes remediation efforts costly and 

technically demanding (Ciampi et al., 2024). The need for robust risk assessments that integrate 

hydrogeological characteristics, LNAPL properties, and contamination dynamics is critical for 

protecting the deltaôs vital groundwater resources. 

4.4 Major exposure pathways and potential long-term 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, causing increased toxicity, lower 

yields/productivity, death and extinction of species of crops, animal and ecosystems; and loss of 

potential revenues (Abereton 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 community (Abereton et al., 2023; Egbe & 

Thompson, 2010; UNEP, 2011). Acute health challenges such as respiratory disorders, skin rashes 

and ulcers, tumours and cancers, kidney failures, damages to the brain, liver, heart, chromosomes, 

gastro-intestines and respiratory systems have also been documented and suggested locally and 

internationally (Ite 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 (surface-water), shallow hand dug wells and shallow to deep 

boreholes in increasing frequency order (UNEP, 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 to Ite 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 water sources. 

Many of the hand dug wells and boreholes are drilled by artisanal labour to reduce costs but may 

aid cross contamination (Figure 2.4). The conceptual site model depicted in Figure 4 illustrates the 

relationship between LNAPLs released during oil spills, 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 hand-dug 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 with very high 

LNAPLs saturation (zone c), zones of reduced LNAPLs saturation 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 characteristic of the NDR (Figure 2.3). It provides a broad understanding of 

LNAPLs behaviour in the subsurface, including the different zones of saturation and mobility, and 

how groundwater fluctuations influence these zones. This model is useful for explaining the 

overall dynamics of LNAPLs contamination in the Niger Delta. 

In the partially saturated zone (Figure 2.4a), 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 LNAPLs.  

In the mixed capillary zone also represents an immobile LNAPL zone but within the capillary 

fringe (Figure 2.4b), 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 LNAPLs saturation zone (Figure 2.4c) 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 areas, especially during periods of groundwater 

fluctuation.  

In the high LNAPLs saturation zone (Figure 2.4d), LNAPLs saturation is reduced, leading to the 

dissolution of LNAPLs and the formation of ganglia (Figure 2.4c ï 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 LNAPLs 

(Figure 2.4e) represents areas where LNAPLs are absent, and water fully saturates the soil, 

typically found at deeper depths or after complete degradation of LNAPLs.  

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, within the influence of high LNAPLs 

saturation to residual LNAPLs saturation zone (Figure 2.4c-d) while shallow tubewell tapping 

water at depth may be within the influence of dissolved plume (Figure 2.4e). 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 and well-being of 

the residents in the Niger Delta region. 

 

Figure 2.4: Conceptualization of mechanisms of groundwater contamination from LNAPL 

spills in the Niger Delta, drawing and adopting insights from Rivett 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 dissolved-phase plume, leading to immediate contamination risks; and (2) 

Tube wells, which are located down-gradient and tap relatively deeper depths, where 

contamination occurs through the horizontal migration of the dissolved-phase solute plume over 

time. The smear zone, capillary effects, and groundwater flow dynamics influence the mobility and 

redistribution of contaminants, emphasizing the complexity of exposure pathways. The zones of 

LNAPL saturations (a ï e) are updated after Rivett 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 

health-risk assessment framework is proposed, drawing from lessons learned from significant oil 

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 contaminants, such as arsenic risk zoning in the Bengal Delta, 

can provide valuable insights and be replicated for hydrocarbons in the NDR. 

Existing risk assessment frameworks, although plentiful, rarely focus on oil spill events and their 

impacts. Effective risk assessment requires a well-defined link between likely sources, exposure 

pathways, and potential receptors (Leaves, 2011). In the NDR, factors significantly increasing a 

receptorôs risk of exposure include ecology, population density, proximity to contaminated sites, 

and land use (Oyebamiji et al., 2022, 2024; Sam et al., 2017b; Wekpe et al., 2022). Contaminant 

characteristics like amounts/level, toxicity, and hydrophobic properties also play a major role, as 

do soil properties such as porosity, constituents, and organic content (Jiang et al., 2016). 

Given the variability of these factors, a multi-criteria decision analysis (MCDA) approach is 

favoured, with some researchers incorporating an analytical hierarchical process (AHP) using 

software like Microsoft Excel and ArcGIS (Bello-Dambatta et al., 2009). In the NDR, Sam et al. 

(2017b) developed a risk-based MCDA framework focusing on the proximity of contaminated 

areas to structures and receptors. However, this approach did not significantly include areas of 

high hydrocarbon contamination for urgent response. In developed countries, the Source-Pathway-

Receptor (S-P-R) model is commonly used, but it has not been adapted for oil-related risk 

modeling in groundwater contamination globally or 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 inadequacies of these regulations are 

evident, with issues such as lack of expertise, inaccurate documentation, politicking, red tapism, 

bureaucracies, and conflicts between agencies (Sam 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 high-priority contamination zones requiring prompt 

remediation. This novel approach, optimizing existing methodologies and technologies, aims to 

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 efforts in the Niger Delta. 
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5. Discussion  

5.1 Attributes of vulnerability to oil contamination  

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, while high molecular weight 

polycyclic aromatic hydrocarbons (PAHs) are particularly recalcitrant to biodegradation because 

of their low solubility and bioavailability (Huettel, 2022). In contrast, more soluble hydrocarbons, 

such as volatile organic compounds (VOCs), tend to spread extensively in groundwater, 

amplifying contamination risks. In Niger Delta Region (NDR), various LNAPLs have been 

identified, including PAHs (Essien et al., 2011; Giadom & Tse, 2014; Lubi & Akinluyi, 2022; 

Njoku et al., 2016; Nwankwoala & Mzaga, 2017) , Total Petroleum Hydrocarbons (TPH) (Alinnor 

et al., 2014; Ibinabo & Simeon, 2021; Njoku et al., 2016; Nwankwoala & Mzaga, 2017; Raimi et 

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

2012; Egirani & Dagogo-Jack, 2023; Osuji & Nwoye, 2007), Extractable Petroleum Hydrocarbons 

(EPH) (Lindén & Pålsson, 2013; Pålsson & Lindén, 2014), Benzene (Lindén & Pålsson, 2013; 

Nwankwoala & Mzaga, 2017; Pålsson & Lindén, 2014), and volatile organic compounds (VOCs) 

like Benzene, Toluene, Ethylbenzene, and Xylene (BTEX) (Giadom & Tse, 2014; Nwankwoala 

& Mzaga, 2017; Osuji, Udoetok, et al., 2006).. In some instances, the concentrations of these 

contaminants, particularly TPH, have been reported to exceed national and international standards 

by several orders of magnitude (UNEP, 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; UNEP, 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 long-term 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 of oil-related contaminants 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 activities, and depth to the water table all play crucial roles (Oyebamiji 

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 spills. Onshore winds and high tides can 

push oil slicks onto the coast, exacerbating the impact on coastal ecosystems (Huettel, 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, leading to long-term 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 delta can also influence the movement and 

dispersion of oil as the higher density of tidal water can cause oil to float on the surface, leading 

to wider dispersion (Gong et al., 2014). Furthermore, the surface 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 in the lower part of the delta (Hoque & Burgess, 2020; Ravenscroft et al., 2005). Areas 

with shallow aquifers in these low-lying 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 hydrocarbons, but chronic contamination can hinder any 

recovery efforts (Cavelan et al., 2022). Fluctuating 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 environment (Coulibaly et al., 2006). 

5.2 Groundwater as a pathway for exposure 

From the contextualization of the LNAPLs spills movement and dissolution groundwater can be 

seen as a exposure pathways (Figure 2.4) as has been identified at a site located in the southeastern 

part of the Niger delta UNEP (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 low-lying topography means that groundwater is often 

close to the surface, facilitating interactions between groundwater and surface water. This 

proximity allows LNAPLs to infiltrate the groundwater system more easily, leading to more 

localised contamination. Additionally, the NDR experiences year-round water table fluctuations 

due to significant seasonal variations in rainfall (Wali 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 aquifer (Ismail 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 moisture conditions can enhance microbial 

activity, accelerating the biodegradation of LNAPLs (Cavelan et al., 2022). However, extreme 

fluctuations can create unfavourable conditions that inhibit microbial activity, reducing 

biodegradation rates (Ismail et al., 2020; Ismail, 2023). In addition, these fluctuations not 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 (Figure 2.4) highlights 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 plume. This 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 down-gradient and tap into relatively deeper depths of 

the aquifer can be contaminated through the horizontal migration of the dissolved-phase solute 

plume over time. As groundwater flows from the contaminated zone towards 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 contaminants. These 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 and risk assessment frameworks to protect groundwater resources and 

ensure the health and well-being 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 (Figure 2.5). These 

spills have left a legacy of widespread contamination, with the regionôs unique hydrogeological 

characteristics amplifying the complexity of remediation. Figure 2.5 highlights the duality of the 

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

well understood, critical uncertainties remain regarding the spatial distribution of high-risk 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 actionable 

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., 2022), significant challenges remain, 

particularly regarding the cleanup of previous oil spills, which currently serve as the primary 

source of hydrocarbon contamination (Figure 2.5). Consequently, there is a pressing need to shift 

the focus towards the remediation of previously contaminated areas, while continuing to maintain 

preventive measures. Researchers have emphasized the importance of full and active participation 

of host communities in enacting and implementing regulations, as their human rights to a healthy 

environment have been compromised (Sam et al., 2017a, 2017b; Sam et al., 2022; Wekpe et al., 

2022). For instance, Zabbey et al. (2021) developed a framework to enhance awareness and 

promote active community participation, while Aghalino and Eyinla (2009) proposed new laws 

that would enable community members to share proprietorship of oil companies. This approach 

has the potential to reduce sabotage and spills while alleviating the distrust that residents have 

towards government agencies and oil companies, stemming from incidents of misreported spill 

events (Kadafa, 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 identifying high-risk 

communities, screening their water sources, and building a comprehensive and up-to-date database 

to guide remediation efforts. Leveraging available datasets innovatively offers a significant 

opportunity to conduct effective risk assessments and prioritize actions. For instance, open-source 

landform and land surface data, combined with oil spill datasets, could be integrated into a source-

pathway-receptor framework. This framework has been successfully applied by Oyebamiji et al. 

(2024) to assess source potency, transmissivity of pathways to aquifers, and receptor susceptibility. 

Additionally, using in-situ data to assess hydrocarbon contamination in soil and groundwater, 

while benchmarking these findings against national and global standards, 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 and transport. Coupling these studies with 

advanced modelling techniques can provide a comprehensive understanding of LNAPLs 

behaviour in deltaic environments. Given the extensive risk of hydrocarbon contamination in the 

Niger Delta, regional-scale groundwater modelling is warranted. Similar efforts in other deltas 

(Hoque & Burgess, 2020; Michael & Voss, 2008; Samborska-Goik & Pogrzeba, 2024) have 

demonstrated the value of such approaches. For example, Hoque et al. (2017) showed that deltaic 

tomography and interleaved silt-clay 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 Niger Delta to 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, physico-chemical properties of soils, and 

local groundwater dynamics, has hindered effective cleanup processes (Sam et al., 2022; UNEP, 

2011; Zabbey et al., 2019; Zabbey et al., 2021). Addressing this challenge requires the 

development of region-specific 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 barriers. Tailored guidelines will improve the accuracy and relevance of risk 

assessments, help identify high-risk zones and prioritize remediation efforts effectively. 

Ultimately, such an approach will ensure that remediation strategies are both effective and 

sustainable, protecting the health and well-being of communities in the Niger Delta. 
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Figure 2.5: Conceptual summary of current knowledge and research gaps in hydrocarbon 

contamination in the Niger Delta. The 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 Non-Aqueous Phase Liquids (LNAPLs) in the Niger Delta. Using an iterative 

approach to analyse existing 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 analysis, in-situ 

observations, and numerical modelling insights to assess 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 properties, and seasonal 

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 LNAPLs 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 migration and 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, tailored standards and guidelines, innovative use of data, and advanced 

modelling techniques. The Source-Pathway-Receptor (S-P-R) model provides a structured 

framework for identifying and mitigating risks. By leveraging geospatial analysis, in-situ data, and 

numerical modelling, a comprehensive understanding of contaminant behaviour and high-risk 

zones can be achieved. This may require laboratory simulations, contaminant transport and 

groundwater modelling, and the use of emerging technologies such as GIS, remote sensing, and 

machine learning, especially for prioritizing areas within the region that require prompt 

remediation and clean-up 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 environmental 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 that integrates the source-pathway-receptor (S-P-R) model with multi-

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 employed a geospatial approach in formulating risk equations, based on the source-

pathway-receptor (S-P-R) model using multiple openly available data sets, to assess groundwater 

contamination risk in the Niger Delta Region (NDR), Nigeria. To develop the overall risk 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 population density. 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 that high-risk zones 

predominantly 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 knowledge. Moderate to high-risk 

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 as a critical focus for groundwater protection and remediation 

efforts. By leveraging the S-P-R model within this complex and sensitive ecological area, this 

research both advances environmental risk assessment and sets a precedent for future large-scale 

environmental risk assessments utilizing open-source data. The risk maps generated 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 the urgent need 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 effective long-term groundwater resource management, it is 

recommended the methodology in this study be combined with other decision-support 

technologies. 
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1. Introduction  

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 water, such rivers 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 of the global 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, 2017), mainly signposting the hazards of surface 

pollutant releases and well integrity failures. Raynauld et al. (2016) delve more into the 

mechanisms of pollutant release and how they affect groundwater. A more comprehensive 

viewpoint is offered by Kurwadkar (2017) and Kurwadkar et al. (2020), who 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 investigation 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 resource-rich regions. Over the years, this area has borne witness 

to extensive hydrocarbon contamination, a consequence of persistent oil exploration, 

transportation accidents, and unintentional spillages (Akinwumiju et al., 2020; Giadom & Tse, 

2014; Sam et al., 2017b; Umar et al., 2019).  Set 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 oil; 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 varied sizes (Lindén & Pålsson, 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 vapours are acknowledged, 

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 present within groundwater pose an 

imperceptible threat, as they neither alter taste nor emit any odour (Johannsen et al., 1995), yet, 
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their carcinogenic attributes pose a significant health risk, potentially exposing communities to 

harmful substances with every sip (Abdel-Shafy & 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 comprehensive data. In 

cases of limited information, the source-pathway-receptor (S-P-R) model stands out as a promising 

tool (EA., 1999, 2000a, 2000b, 2003; Smith et al., 2005). This 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 risks (Belle et al., 2023; Mbae et al., 2023; Sun et al., 2023) and incorporating 

geospatial analysis to map the distribution and extent of contamination (Umar 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 affected (Giadom & 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 region. They include Dan-Jumbo and 

Metzger (2019), Getirana et al. (2021), (Dan-Jumbo & Metzger, 2019); Getirana et al. (2021); 

(Mgbolu et al., 2019; Ndehedehe et al., 2016) & Ndehedehe et al. (2016). These 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 remains a pressing concern in the region. These 

lead to an overarching research question óCan a framework be developed for assessing the risk of 

hydrocarbon contamination of groundwater resources in Deltas, using the Niger Delta, Nigeria as 

an exampleô. This is further strengthened by the research question: óCan the integration of limited 

field observation and augmented geospatial data be utilised to characterise S-P-R of hydrocarbon 

contamination for spatial scale risk assessment in deltaic settings? 

A variety of techniques, each with a specific focus and application, have been employed to evaluate 

the risk of groundwater contamination. Burkart et al. (1999) used statistical, overlay and index, 

and process-based modeling techniques to evaluate vulnerability to agrichemical contamination in 

the Midwest US, while Zhao et al. (2018) Zhao 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, China, Wang et al. (2012) combined 

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 China, Chen et al. (2019) used principal component analysis, modified grey relational 

analysis, absolute principal component score-multiple linear regression, and positive matrix 

factorization receptor modeling. Although these traditional risk assessment models exhibit 

robustness, they often struggle in data-deprived 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 particular causes of 

contamination. 
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The Source-Pathway-Receptor (S-P-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 receptor susceptibility. While individual 

open-source datasets may possess limitations, their collective integration holds the potential to 

effectively address and close existing knowledge gaps.  To create a thorough and reliable map that 

illustrates the latent dangers related 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 

framework using open-source data. 

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

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 

hydrocarbon-prolific region, with several interconnected pipelines which 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 fishing 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 uppermost layer 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., 2021). The 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 main source of potable water. shallow sources. Residents 

access these aquifers via indiscriminate and randomly sited hand-dug wells with diameters of 

around 60 cm and/or shallow boreholes of about 10 ï 30 m deep, manually or with pumps. 

The majority of the settlements in the area are tiny, dispersed hamlets (Sam et al., 2017b), with 

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 fishing (Sam et al., 2017a, 

2017b). However, the ongoing environmental degradation and depletion of economic resources in 

the NDR births far-reaching socio-economic challenges (including unemployment, conflict, 

poverty, insecurity and migration) as many peasant farmers and fishermen are grossly impacted 

by the loss of farmlands, vegetation, wildlife, biodiversity and various ecosystems (Agbonifo, 

2022; Sam et al., 2017a; Wekpe et al., 2022). 
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Figure 3. 1: Integrated view of the Niger Delta region, highlighting the spatial relationship 

between population density and oil-related infrastructure. The varying shades of colour in the 

background denote population density.and oil-related infrastructure. The varying shades of colour 

in the background denote population density. The varying shades of colour in the background 

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: the extensive pipeline network (denoted by lines), oil spill locations, and oil 

production wells (both shown as symbols).  

3 Data and Method 

The method utilized the Source- Pathway-Receptor (S-P-R) linkage, involving multiple criteria 

analysis for assessing the environmental risk (Danumah 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 decision-making process involving literature review and 

scientific logic, fourteen parameters were identified and classified according to the S-P-R model 

(Table 3.1). These parameters were selected based on various previous research and publications 

that engender risk mapping, groundwater potential, groundwater contamination and flood mapping 

as all these have significant relationships with the focus of study. See SM for more information on 
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how the Principal Component Analysis and correlation analysis (PCA ï Figures A1.1. & A1.2, 

Table A1.1) confirmed that the fourteen criteria were all important and not overly inter-related. 

However, the results also indicate that PCs1 ï 10 may be adequate for performing the MCDA risk 

analysis, especially in areas with limited datasets or where time is crucial. Relative weightings 

were assigned after normalization to ensure weights sum to 100% or 1 and the thematic layers 

were resampled into 30 m resolution., allowing for easy comparison and aggregation of factors 

(supplementary material Figure S.1 in Appendix 1 for more details). It attempts to quantify the 

relevance and contributions to a specific parameter, when compared with other contributory factors 

(Tonidandel et al., 2009). These weightings were based on the authorsô academic opinions and 

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 nature of this could 

serve as a limitation, as is common with multi-criteria 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 depict the inverse 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 classes (Figure 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 penetrate 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 (Figures S.1 ï S.3 in 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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Figure 3. 2: The S-P-R framework for groundwater contamination risk assessment of the Niger 

Delta in Nigeria. The source potency (Sp) is characterised by five parameters, the pathway 

transmissivity (Pt) by eight parameters and the Receptor Susceptibility (Rs) by population density. 

The risk area is defined by the intersection of all three main parameters while three main 

interactions exist with individual pairs, including the source potency-pathway transmissivity (Sp-

Pt), source potency-receptor susceptibility (Sp-Rs) and Receptor Susceptibility-Pathway 

Transmissivity (Rs-Pt). These define potential future risk areas. 

 

Table 3. 1:  Assessment of parameters influencing the S-P-R Risk Model. This table categorizes 

the identified criteria into three primary classes - Source Potency (Sp), Pathway Transmissivity 

(Pt), and Receptor Susceptibility (Rs), elucidating their respective impacts within the risk 

assessment framework. 
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Type of spill 

(Ts) 

Generally, contaminants that last longer 

in the environment are harder to 

degrade, with higher mobility and 

toxicity (Zhao et al., 2018). It is 

assumed in this research that crude oil 

are denser and more persistent in the 

soil/environment than the refined oils  

(Martinkosky, 2015)  Thus, crude oils 

will increase risk of groundwater 

contamination while refined oils would 

act as volatiles and impact the 

air/atmosphere. 
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This displays inverse relationships with 

the risk of groundwater contamination 

as proximity to sources of 

contamination or hazards such as spill 

sites would increase the risk (Ajjur & 

Mogheir, 2020; Fei-Baffoe et al., 2024; 

Sam et al., 2017b). 
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Euclidean 

distances to 

oil pipelines 

(Pp) 

The greater the distance from oil 

pipeline network, another possible 

source of contaminants, then the less 

the potency of the spill (Fei-Baffoe et 

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

2018). 
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Proximity to oil wells would positively 

impact on the potency of the spill as 

these could act as the source of spill 

(Fei-Baffoe et al., 2024; Zhao et al., 

2018). 
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Closeness to surface water systems 

decreases potential for contamination 

to percolate along with water as there is 

higher tendency for flooding in such 

locations(Allafta & Opp, 2021). Also, 

these areas are groundwater discharge 

zone (Hoque et al., 2017) so unlikely to 

act as recharge areas for aquifers. 
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Drainage 

Density (Dd) 

Dense drainage increases the rate of 

groundwater infiltration and therefore, 

the potential for groundwater 

contamination. The higher the value, 

the higher its likely impact (Allafta & 

Opp, 2021; Brindha & Schneider, 

2019). 
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Precipitation 

(Pr) 

In the Niger Delta region, high rainfall 

is experienced, normally xx 

mm/annum. Amount and intensity of 

rainfall is assumed to exhibit a direct 

relationship with the possibility of 

groundwater contamination (Allafta & 

Opp, 2021; Eisenhauer et al., 2016; 

Godfrey et al., 2005). 
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Use/Land 

Cover (Lc) 

The type of use the land is put to could 

impact on groundwater contamination. 

Dense vegetation not only impedes the 

runoff of contaminants, increasing their 

infiltration (Allafta & Opp, 2021; 

Brindha & Schneider, 2019; Erickson, 

1997) and potential to contaminate 

groundwater(Gómez et al., 2017), but 

also interacts with hydrocarbons, 

affecting their mobility through the 

soil. 
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Percentage of 

sandiness 
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The higher the sand content, the higher 

the effective porosity and permeability 

(Allafta & Opp, 2021; Lee et al., 2001) 

which will induce a spike in the risk of 

groundwater contamination. 
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It is assumed that the lower/flatter the 

elevation, the greater the potential for 

groundwater to be accumulated(Ajjur 

& Mogheir, 2020; Youssef et al., 2022) 

and consequently impacted. 
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Slope (Sl) The lower the slope angle, the less the 

steepness (Ajjur & Mogheir, 2020; 

Youssef et al., 2022) and therefore the 

higher the residence time for oil spills 

and easier it becomes for contaminants 

to reach groundwater system. 
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Depth to 

water table 

(Wt) 

The higher the water table, then the 

closer the groundwater is to the surface 

and therefore the higher its risk to 

contamination (Zhao et al., 2018), in 

this case, by oil spills. 
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impact on and of groundwater 

contamination (Al -Hashimi et al., 

2021; Brindha & Schneider, 2019; 

Chinye-Ikejiunor et al., 2021). 
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3.1 Source Potency Sp 

Source potency is conceptualized as a function of five key parameters: the volume (Vs) and type 

of spill (Ts), along with distances to spill sites (Ss), pipelines (Pp), and oil wells (Ow) (Eq. 1-2). 

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. 

Ὓὴ Ὢ ὠίȟὝίȟὛίȟὖὴȟὕύéééééééééééééééééééééé.Eq. 1 

Ὓὴ πȢςὠίπȢςὝίπȢσὛί πȢρυὖὴ πȢρυὕύ ééééééééééEq. 2 

Where Ὓί ὔέὶάὥὰὭίὩὨ ὃὧὸόὥὰ ὺὥὰόὩί έὪ Ὓί  

 ὖὴ ὔέὶάὥὰὭίὩὨ ὃὧὸόὥὰ ὺὥὰόὩί έὪ ὖὴ  

 ὕύ ὔέὶάὥὰὭίὩὨ ὃὧὸόὥὰ ὺὥὰόὩί έὪ ὕύ  

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 authorsô opinions on the significance of each factor, after considering 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 oils.  Wekpe et al. (2024b) and (Wekpe & Idisi, 2024) emphasize the impact 

of quantities and frequencies of spills in clusters aiding oilspill hotspot regions and stress on 

vegetation while El-Alfy (2024) & Fei-Baffoe 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, including proximity 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 assessment. Sam et al. (2017b) emphasise the importance 

of proximities to various facilities such as spill locations and pipelines in likelihood of exposures 

during risk-based 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) and land us/land cover (Lc) (Eq. 3-4). 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), these factors were integrated together as the degree of transmissivity 

of the pathway materials depends significantly on them and their interactions. In addition 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 gathered from sources of existing literature. 

ὖὸ Ὢ ὛὥȟὡὸȟὉὰȟὛὰȟὙὴȟὈὨȟὖὶȟὒὧéééééééééééééééééééEq. 3 

ὖὸ πȢςὛὥπȢρὉὰ πȢρὛὰ πȢρὙὴ πȢρὈὨ πȢρὖὶ πȢρὒὧπȢςὛὡὒ...Eq. 4 

Where Ὁὰ ὔέὶάὥὰὭίὩὨ ὃὧὸόὥὰ ὺὥὰόὩί έὪ Ὁὰ  

 Ὓὰ ὔέὶάὥὰὭίὩὨ ὃὧὸόὥὰ ὺὥὰόὩί έὪ Ὓὰ  

 Ὓὡὒ ὔέὶάὥὰὭίὩὨ ὃὧὸόὥὰ ὺὥὰόὩί έὪ Ὓὡὒ  

3.3 Receptor Susceptibility Rs 

Receptor susceptibility to environmental contaminants can be influenced by a range of factors, 

including age, sex, socio-economic status, and health condition, as highlighted by (Sam 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 (Eq. 5-7), acknowledging that 

human density variations directly affect contamination risk. Thus, Rs, defined as a function of 

population density, allows for the assessment of human vulnerability based on proximity and 

density relative to contamination sources. Expert information and knowledge taken from numerous 

published studies were investigated in order to assign suitable weights to the various evaluation 

criteria. 

Ὑί Ὢ ὖὨ) éééééééé...éééééééééééééééééééEq. 5 
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Ὑί В    ὖὨ  éééééééééé..ééééééééééééééééé.Eq. 6 

Where:  

В    ὖὨ πὖὨ πȢςυὖὨ πȢχυὖὨ ὖὨ ééééééééééééééEq. 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 vegetations with no human habitats 

(with ὖὨ ) is believed to be of zero susceptibility; villages (ὖὨȠ 0<Pd <100) is believed to be 

about 25% more susceptible; peri-urban regions (ὖὨ ; 100<Pd<200) is weighted to be three times 

more susceptible than the villages; and urban regions (ὖὨ; 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 stringent than those 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 km² (Long, 2001), while in the USA, urban densities are considered 

to be 620 persons per km² or greater (McDonnell, 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 stated in Ofem (2012) was adapted and recalibrated 

to fit Nigeria situation such that population densities of 0, <100, 100 ï 250 and >250  were 

classified as natural reserves, rural, peri-urban and urban areas respectively. 

3.4 Overall Risk and classifications  

The final scores for each component (Sp, Pt, and Rs) were computed and integrated to generate 

the final overall risk score (R in Eq. 8). This method adheres to the principle that risk (R) is a 

product of hazard, exposure, and vulnerability, ensuring a comprehensive assessment of 

environmental risks. 

Ὑ ὛὴὖὸὙίéééééééééééééééééééééééé.éEq. 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 that the sum of the 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 risks could 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 natural breaks method (Chen, 2013) 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 
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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 high-risk areas identified in prior literature, including significant 

sources such as the UNEP report on Ogoniland (UNEP, 2011) and studies by Giadom and Tse 

(2014) and Akinwumiju et al. (2020). This literature-based 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 reveals previously 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 intervention planning. 

4. Results  

4.1 Source Potency 

Spatial variation in source potency ï derived from the cumulative impact of spill volume and type, 

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

the landscape is under threat from hydrocarbon contamination (Figure 3.3a).  

In terms of geographical extent, 48% of the Niger Delta Region (21,000 km²) 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 of Imo, the southwestern 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 km²), while high source potency areas, 

which are intimately associated with extensive pipeline networks and historical spill sites, 

constitute 13% (6,000 km²). These high-risk zones are primarily concentrated in significant parts 

of Delta and Rivers states, with some impacted areas within Bayelsa. 
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Figure 3. 3: A tripartite visual assessment of hydrocarbon risk factors across the Niger Delta 

Region, encapsulating Source Potency, Pathway Transmissivity, Receptor Susceptibility (on the 

left); and the interactions between these pairs (on the right). On the left, the tripartite figure 

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 two-thirds 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. c) Receptor Susceptibility: The map 

is showing over 50% of the region with moderate to high population densities, primarily in peri-

urban and urban areas, marked in red coincides with higher receptor susceptibility. On the right, 

this tri-panel figure synthesises the interactions between source potency, pathway transmissivity, 

and receptor susceptibility. d) Source Potency and Pathway Transmissivity (Sp-Pt) Interactions: 
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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 densities. e) Receptor Susceptibility and 

Pathway Transmissivity (Rs-Pt) Interactions: Visualising areas where high infiltration capacity 

coincides with dense populations, indicating potential hotspots for contamination. The absence of 

oil spills reduces current risk levels, but areas in red represent intense interactions that could 

rapidly become high-risk zones if hydrocarbons spills occur. f). Source Potency and Receptor 

Susceptibility (Sp-Rs) 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 parameters ð sand 

content, elevation, slope, proximity to rivers, drainage density, rainfall, land cover, and 

groundwater level ð has yielded a nuanced map of pathways transmissivity depicting 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 progression. 

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 Imo states displaying 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, approximately 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 

pronounced 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 contaminants. The 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 measure for this susceptibility, 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 proportionately weighted, asserting that higher densities amplify the 

susceptibility index (Figure 3.3c). The map reveals that around 22% (9,900km2) 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 Rivers and Bayelsa, extending into 

significant portions of Akwa Ibom and Imo. In stark contrast, areas such as Ondo and peripheral 
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zones of Edo present lower population densities, with vast expanses of nature reserves and rural 

villages. 

4.4 Interaction 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 Receptor Susceptibility (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 

transmissiveðindicating a higher potential for groundwater contaminationðare shown. Moderate 

to high merged scores (36%; 15,000 km² to 10%; 4,000 km²) 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 northern 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 km²). 

The overlap of Receptor Susceptibility and Pathway Transmissivity highlights regions with a high 

capacity for infiltration within populated areas. Approximately 10% (4,500 km²) of the NDR is 

characterised as moderate, and 11% (5,000 km²) as high for these interaction 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 contaminants 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 km²) interaction zones. These include 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 also through direct exposure via inhalation, dermal 

contact, and other pathways. 

4.5 Overall Risk Map 

The synthesis of the multicriteria analysis with the source-pathway-receptor (S-P-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 zones (GWRZ) based on a composite 

index derived from the interplay of fourteen parameters encompassing source potency, pathway 

transmissivity, and receptor susceptibility. 

 

The risk indexða product of the aforementioned factorsðwas 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 cumulative hydrocarbon contamination risk 
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each area faces. The map reveals that a portion of the region, encompassing 13% (5,000 km²), 

exhibits moderate GWRZ, while a smaller yet critical 3% (1,400 km²) is characterised by high 

GWRZ. These high-risk zones are prominently located in central and northern 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 km²), 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 of absolute intersection among the risk 

components, indicating the highest susceptibility to groundwater contamination risks. 

 

Figure 3. 4: Overall Risk Map generated from integrating the multicriteria analysis under the 

source-pathway-receptor (S-P-R) framework. Here, regions in red depict areas of high-risk levels 

which signify likely intersection of the fourteen parameters contributing to the source potency, 

pathway transmissivity and receptor susceptibility.   

5. Discussions 

5.1 The Source-Pathway-Receptor Model for Regional Risk Assessment  

The employment of the source-pathway-receptor (S-P-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 receptor susceptibility (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 among all three S-P-R components. 
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The utilisation of the S-P-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 with historical spill incidents and extensive 

petroleum infrastructure, necessitating prioritised remediation efforts (Akinwumiju et al., 2020; 

Sam et al., 2017b; Umar et al., 2019; UNEP, 2011; Wekpe et al., 2022) . In contrast, areas 

characterised by source-pathway (S-P) connections may not present immediate risks but signal 

potential future concerns, contingent upon an increase in receptor activity. This is also consistent 

with research by Wekpe et al. (2024b), Mba et al. (2019) & Ugwu et al. (2021) who 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 through alternative pathways in regions with source-receptor 

(S-R) linkages (Figure  3.3), corroborating with prior documentation of oil pollution and associated 

inhalation, and other exposure risks (Anyanwu et al., 2023; UNEP, 2011). Pathway-receptor (P-

R) associations suggest vulnerability to a spectrum of contaminants beyond hydrocarbons, a 

scenario evidenced in segments of the delta where non-petroleum-based pollutants, such as 

wastewater and pesticides, have been identified (Abdel-Shafy & Mansour, 2016; Olalekan et al., 

2021; Olalekan et al., 2018; Olalekan, 2020; Olalekan & Emman, 2020; Ozoemenam et al., 2018). 

While the S-P-R model is a staple in contaminated land management within the UK, primarily 

within small-site applications (Sam et al., 2017a), its 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. (2020) and the geospatial distribution analyses of Umar et al. (2019) have not 

employed the S-P-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 three S-P-R elements. The innovative employment 

of open-source data proxies and multifaceted datasets further enhances the model's applicability 

to large-scale environmental assessments. 

5.2 Appropriateness of S-P-R approach and overall risk  

The selection of pertinent factors in environmental risk assessments, such as those for flood 

mapping, often lacks uniform consensus (Tehrany 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 relevance (Benjmel 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., 2015) . These issues share 

commonalities with oil spill disaster mapping, where the source-pathway-receptor (S-P-R) 

framework is particularly apt. Key factors such as slope, proximity to rivers and spill sites, drainage 

density, land use, and elevation were chosen due 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 the low-risk areas in the 

northern and southern areas (Figure 3.4). The employment of the S-P-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 the S-P-R model, inherent uncertainties persist, stemming from raw data 

quality, data processing, criteria selection, and threshold determination, as suggested by (Lyu, 

2020a, 2020b ). To fortify the findings and mitigate uncertainties,(Zheng et al., 2021; Zheng et al., 

2022) recommend augmenting the S-P-R approach with additional techniques to yield more 

comprehensive outcomes, especially in future remediation endeavours. Validation and sensitivity 

analysis are also advocated by (Mukherjee & Singh, 2020) to 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 TPHs ((Alinnor et al., 2014; Amangabara & Njoku, 

2012; Egirani & Chidi, 2023; Egirani & Alaowei, 2024; Egirani & Dagogo-Jack, 2023; Lindén & 

Pålsson, 2013; Lubi & Akinluyi, 2022; Nwankwoala & Mzaga, 2017; Raimi et al., 2022; UNEP, 

2011). Notably, Akinwumiju et al. (2020) discerned 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 receptor susceptibility (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 three S-P-R components 

establishes a comprehensive linkage, underscoring the risk these areas face. 

Another study by Umar et al. (2019) highlighted 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-

pathway-receptor (S-P-R) model, which incorporates a holistic view of how oil spills can 

potentially impact groundwater quality. While Umar et al. (2019) provided valuable spatial 

insights into spill occurrences, our approach integrates these insights within the S-P-R framework 

to assess the interconnectedness of spill sources, environmental pathways, and vulnerable 

receptors. This comprehensive methodology not only reaffirms the relevance of the identified 

hotspots but also enhances our understanding of their potential environmental and public health 

impacts. 

5.3 Implications for groundwater sustainability and risk management 

In this research, various opensource datasets were utilised such as historical spill data from 

Nigerian Oil spill response and Detection Agency (NOSDRA), elevation and other related data 

from the USGS website, population data from the landscan website and static water 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 especially true for the historical data on oil spills as there exists a 

disparity between datasets from the Nigerian agency, licensed oil companies and indigenesô 
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reports/perspectives (Sam et al., 2017b; Wekpe et al., 2022). In other words, a significant 

uncertainties revolve around some of the datasets, however, output of integration of these dataset 

can provide real insights with improved reliability (Dalla 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, cost-effective frameworks towards mitigating the risk of 

oil spills impacting its groundwater quality. The 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 vulnerable 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, large-scale assessment and insights; therefore, 

researchers can use these results as a foundation 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 systems, emergency response protocols and appropriate location-based 

legislation (Adeniran et al., 2023; Sam et al., 2017b). It could also help to signpost areas to engage 

in vital community-level 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 shallow contaminated flow system (Hoque 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 and well-being of 

both the communities and the ecosystems. 

6. Conclusions 

In this study, the Source-Pathway-Receptor (S-P-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 innovative integration 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 between source 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 large-scale 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, while 80% of the 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 mainly encompasses 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 study's risk maps were validated 

against previously published works, addressing potential limitations of the individual datasets. The 

study identifies moderate to high-risk zones, especially in Rivers, Bayelsa, Delta states, and low-

risk areas in Ondo and significant portions of Edo, Bayelsa, and western Imo states.  

By applying the S-P-R model to a complex and ecologically sensitive region, this study not only 

advances the field but also sets a precedent for future large-scale environmental risk assessments 

using open-source 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 groundwater quality within the NDR, estimating 

prospective spill areas, and conducting in-depth reviews of present spill sites to determine the 

urgent need for targeted and timely cleanup actions. In order to enhance efficacy and achieve 

sustainable groundwater resource management, it is advised that the present study's methodology 

be integrated with other decision-support technology. 
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Abstract 

Despite global regulations, the environmental risks and damage from crude oil exploration, 

extraction, transportation, use and storage continue to rise, with hydrocarbon pollution remaining 

common. This is particularly true in oil-producing developing countries like Nigeria, where data 

scarcity and policy implementation challenges are prevalent. While sporadic data exists, compiling 

and standardizing it could provide a reliable basis for assessing the risks and magnitude of 

environmental challenges from oil spills. Rivers and Imo states, identified as oil spill hotspots in 

the Niger Delta Region (NDR) through spatial risk modelling using land surface data, were 

investigated to determine the actual magnitude of hydrocarbon contamination risk in soil, 

sediments, and groundwater. Concerning levels of hydrocarbon species (e.g., total petroleum 

hydrocarbons - TPH, total hydrocarbons - THC, extractable petroleum hydrocarbons - EPH, 

polycyclic aromatic hydrocarbons - PAHs, benzene. Toluene, ethylbenzene and xylene - BTEX, 

and benzene) were observed, with concentrations exceeding national and global permissible limits, 

often by several orders of magnitude, across all studied locations. The findings indicate a high 

level of risk due to the heterogeneous lithological profile of the region, shallow water table, and 

highly porous and permeable subsurface materials, which exacerbate hydrocarbon mobility and 

contamination. The level of contamination were notably higher in the southeastern parts of the 

states studied This poses a significant threat to sustainable development goals and human health. 

These results highlight the importance of urgent screening, targeted remediation, 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 significant threats to human 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 engagement. These findings provide a crucial evidence 

base for mitigating the environmental and socio-economic impacts of oil pollution in one of the 

world's most vulnerable regions. 

 

Keywords: Hydrocarbon contamination, risk, in-situ 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 sedimentary deposits and 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 reports have 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 posed by 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 impacted oil-

producing regions in the world, facing widespread hydrocarbon contamination of its soil, 

sediments, surface waters, and groundwater. Crude oil exploration and related activities have 

significantly disrupted the regionôs environmental quality, posing risks to ecosystems, human 

health, and livelihoods (Agbonifo, 2022; Anyanwu et al., 2023; Gabriel, 2004; Nwankwoala & 

Okujagu, 2014; Olukaejire et al., 2024; Onyena & Sam, 2020; Osuji & Opiah, 2007). Despite 

decades of research, there is still a pressing need to quantify and understand the spatial and 

temporal dynamics of hydrocarbon contamination, particularly in high-risk hotspot areas. 

Accurate, localised data is critical to inform remediation strategies 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 drawbacks including expensive 

costs, poor coverage, and restrictions on spatial resolution. Using in-situ data has garnered more 

attention in recent years and helps to supplement conventional monitoring methods and offer real-

time insights into pollution dynamics at the local scale. Many other research also confirm that soil, 

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 region (Olalekan et al., 2018; 

Olalekan, 2020; Osuji et al., 2006; UNEP, 2011). Some 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, such as Akinwumiju et al. (2020), Oyebamiji et al. (2022), Oyebamiji 

et al. (2024), Sanchez et al. (2021), Umar et al. (2019), Wekpe et al. (2022), Wekpe 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. (2024) advanced 

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 precipitation, and population density. These layers were 



 

78 
 

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, 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 major high-risk zones identified includes central and northern Delta, 

northern Imo, northwest Akwa Ibom, 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 spatial modelling and 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 hydrocarbon species 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 determine the true 

magnitude of hydrocarbon contamination and its spatial extent in the Niger Delta. 
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Figure 4.1:  The study area of focus - Rivers and Imo states - two main hotspot states within the 

hydrocarbon contamination risk hotspot areas of the Niger Delta region and its spatial 

relationship to the Nigeria nation and African continent at large. The inset map shows the levels 
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of risk of groundwater contamination from oil spills using the Source-Pathway-Receptor (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 moderate to high-risk zones, which informed 

the choice of the researchers to focus on both states in this study. In addition, the location and type 

of samples taken by previous authors and used for this research are displayed. For this study, 

sediments and soils are collectively 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 risk modelling using land surface data (Figure 4.1). By 

compiling and analysing in-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 standards. By 

standardising and synthesising existing sporadic data, this research aims to determine both the 

magnitude and the spatial distribution of hydrocarbon contamination in the Niger Delta. The 

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. (2024a) utilised the optimised hotspot analysis tool, focusing on counts 

and volumes of oil spills, to identify hotspot areas within the NDR, including Imo, Rivers, Bayelsa, 

and Abia. Similarly, Akinwumiju et al. (2020) used a GIS-based 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 NDR, delineating oil spill hotspots and 

high-density zones for oil facilities. These studies consistently highlighted Rivers, Abia, Bayelsa, 

Imo, and Delta states as high-risk areas for oil contamination on land. Umar et al. (2019) also 

employed spatial oil spill distribution techniques, combining Kernel Density and Getis-Ord G* 

statistics, to reveal Bayelsa, Rivers, and Delta states as hotspots for oil spill incidents and 

distribution. 

In a similar vein, Oyebamiji et al. (2022) used the Getis-Ord G* hotspot analysis and Inverse 

Distance Weighted (IDW) interpolation to identify Abia, Akwa Ibom, Imo, Bayelsa, Rivers, and 

Cross River states as hotspots of hydrocarbon contamination in the NDR. However, 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 adopted by Oyebamiji et al. (2024), who conducted a risk assessment 

using a novel Source-Pathway-Receptor (SPR) model in a multicriteria decision framework. This 

integrated approach accounted 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 hydrocarbon-contamination zones. 
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While the methodologies and approaches differ across these studies, the consistent identification 

of Rivers and Imo as significant hotspots underscores the need for targeted investigation. This 

research builds upon previous studies by focusing on these two states, integrating in-situ 

measurements to quantify the actual magnitude of hydrocarbon contamination in soils, sediments, 

and groundwater. By doing so, it bridges the gap between spatial hotspot analyses and detailed 

risk assessments, offering a clearer understanding of the spatial patterns, severity, and risks in these 

key hotspots. 

2.2 Data compilation, Standardisation and Analysis 

We compiled in-situ 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, Table S.1). A comprehensive literature search was 

conducted across multiple bibliographic databases, including Scopus, and Science Direct. Articles 

published between 2000, and May 2024 were considered, with a focus on studies providing 

georeferenced data from the region. The selection process involved 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 relevance, and geographical 

coverage. Only peer-reviewed articles reporting hydrocarbon concentrations in soils and/or 

groundwater, and including geospatial metadata, were included in the final dataset (See 

Supplementary Material - SM). 

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 dataset (Adhikari 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 

standards (Ciampi et al., 2022; Nelson et al., 1999). 

To validate the reliability and accuracy of the compiled in-situ data, several measures were 

implemented. Independent datasets, such as regulatory limits and satellite observations via Google 

Earth Pro, were used for cross-comparison 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 hydrogeological characteristics of the Niger 

Delta were compared against elevation 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 shallow (Abugu et al., 2024; Hassan et al., 2019; 

Ngah & Nwankwoala, 2013). 

Despite these efforts, inherent limitations in the in-situ data remain, including variations in 

sampling techniques and analytical methods. These constraints were carefully considered during 

analysis to minimize uncertainties and ensure robust conclusions. 

 



 

82 
 

 

Figure 4.2: The Flow chart for systematic search of various databases, with focus on Scopus 

and Science Direct. However, experts and various stakeholders were also informally consulted 

for a robust, well-rounded 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 were analysed: Total Petroleum Hydrocarbon (TPH), Total Hydrocarbon Content 

(THC), Extractable Petroleum Hydrocarbons (EPH), Polycyclic Aromatic Hydrocarbons (PAHs), 

Benzene-Toluene-Ethylbenzene-Xylene (BTEX), and Benzene. These classes were selected due 

to their widespread use in oil pollution assessments and their distinct solubility, toxicity, and 

persistence characteristics, as defined by their Equivalent Carbon Numbers (ECNs) (ITRC, 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 relationships, along with 

their implications for environmental contamination, are illustrated in Figure S.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 Organization (WHO, 2021) and 

CL:AIRE (Tomlinson et al., 2014). Table 4.2 summarizes the hydrocarbon classes analysed in this 

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

and soil. 
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Table 4.1: Various species of hydrocarbons, their composition and target limits from specified 

national and international guidelines/standards. 

Class/Type of  

Hydrocarbon 

WHO  

(2021) 

EGASPIN  

(2014) 

CL:AIRE  

 (2014) 

Composition and  

Implication  

Groundwater (µg/L) 

  

TPH 10 - 300 50  All petroleum hydrocarbons; ECN 1 - 29  

THC 10 - 300 50*  
All hydrocarbons, (petroleum and non-

petroleum); ECN 1 - 29  

EPH 10 ï 300* 50*  Subset of TPH; ECN 10 - 29  

PAH 1 0.1  
Multiple aromatic ringed petroleum 

hydrocarbons; ECN 12 - 29  

BTEX 0.2* 0.2*  Volatile petroleum hydrocarbons; ECN 5 - 10  

Benzene 0.2 0.2  Volatile petroleum hydrocarbon; ECN 5 - 7  

Soil/Sediment (mg/kg) 

Broadly, the higher the ECN, the higher the 

higher the persistence within the environment, 

the lower the weathering and solubility. 

Therefore, the lower the potential risk to 

groundwater and its dependent receptors. 

Toxicity displays a complex relationship with 

high values at both low and high ECNs. 

TPH  50 - 100 100 

THC  50 ï 100* 100* 

EPH  50 -100* 100* 

PAH  1- 50 40 

BTEX    

Benzene    

 

* Assumed values based on composition or target limit for similar class. For BTEX, 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 Soil-to-Water Partitioning Model. This is discussed in latter sections. 

The thresholds specified by EGASPIN for drinking water tend to be higher than limits set by 

WHO, reflecting localized considerations. Conversely, CL:AIREôs soil thresholds (Tomlinson et 

al., 2014) are higher than those of EGASPIN, likely 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 were analysed to 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  

Tables S.3 and S.4 are 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 Soil 

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 extending to the southern part of the Rivers state (Figure 

4.3). It is 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 very few samples with hydrocarbon concentration values below the lower limit of the 

target values of both EGASPIN (2014) and Tomlinson et al. (2014), while all values measured for 

TPH and THC exceed the two standards in use for this section (Figures 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) and the general limit specified by Tomlinson 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. This pattern is further supported by 

the cumulative plots. 

Figure 4.6 (a, b, c) explore the relationship between reported TPH concentration values, distance 

to nearest oil-bearing pipeline and elevations above sea levels, respectively. TPH concentrations 

are highest near pipelines, decreasing with distance. No clear linear trend is observed with 

elevation, but clusters of higher concentrations occur at 5 ï 25 metres above sea level, which may 

simply reflect pipeline placement in mid-elevation areas, without exerting any significant 

influence on the range of concentration 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 above the upper limit of 

both standards. In the case of PAH, the median (10.0 mg/kg) and maximum (2282.5 mg/kg) values 

are approximately 0.25, and 46 times above the upper threshold of the EGASPIN (2014) 

respectively; and 0.6 and 57 times, beyond the Tomlinson et al. (2014) threshold, 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 mg/kg, 51.1 mg/kg, 26.19 

mg/kg and 574 mg/kg, respectively. Using a soil-to-water 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, respectively. These estimated groundwater 

concentrations are approximately 10,250, 20,000, and 735,000 times above the (WHO, 2021) 

groundwater guideline for BTEX of 0.0002 mg/L, indicating a significant potential risk to 

groundwater quality. SM 2 gives supplementary Information on such estimations of groundwater 

concentrations of BTEX using a Soil-to-Water Partitioning Model. Because 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 4.3: Spatial relationship between the various hydrocarbon species as reported in 

soil/sediments. The concentrations of hydrocarbon contamination are classified based on target 

threshold values by EGASPIN and CL:AIRE from a ï e, while f) shows the number of times each 

specie exceeds the maximum limit of the thresholds.  
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Figure  4.4:  Range of values of concentration of hydrocarbons in soil and sediment samples 

within the study area. The 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 fluctuations via grouping vertically, by depth. 

 

 

Figure 4.6: Relationship/Trends between TPH and distance to nearest pipe and Elevation. a)  

Relationship between TPH concentration values and Proximity to pipeline indicate that higher 

TPH concentrations are predominantly found near oil-bearing pipelines, with levels decreasing 

as distance from the pipeline increases. This trend suggests that pipelines are significant sources 

of contamination, likely due to leaks or spills. b) 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 thresholds (Figures 4.7 & 4.8). In addition, among the 

available data, the concentration is significantly high everywhere (Figures 4.7) and shows the 

number of times each hydrocarbon specie exceeds the limits. In Figures 4.8 & 4.9, the scatter and 

box plots for the TPH, more than half of the values reported are beyond these thresholds 

(EGASPIN = 50 µg/L; and WHO = 10 ï 300 µg/L). 
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For all, except the THC and BTEX, many values are appearing as outliers indicating presence of 

more extreme values than the expected variation.   

Figure 4.10 (a, b & c) gives an overview of the possible trend that may exist between TPH 

concentration values and both proximity to oil-bearing pipelines and elevation, and 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 a tendency for groundwater flushing and 

heterogeneities to be responsible for the fact that most spills seem to have been reported at 

elevations between 5 and 25 m. 

Here, the median TPH concentrations of 1,170 µg/L exceed the stipulated lower/minimum 

permissible limit of WHO (2021: 10 ï with maximum permissible limit as 300 µg/L); and 

EGASPIN (2014: 50 µg/L) by about 3.9 ï 117; and 23.4 times respectively. For THC and EPH, 

their median values (1515 µg/L and 61 µg/L respectively) exceed the lower threshold of WHO 

(2021) by 152 and 6 times respectively; and EGASPIN (2014) by 30 and 1.2 times respectively. 

In each case, the maximum permissible limit by WHO (2021) is 300 µg/L, and a lower limit of 10 

µg/L. In the case of PAH, the median values (3276 µg/L) exceed the thresholds of WHO (2021, 

which is 1 µg/L) and EGASPIN (2014, which is 0.1 µg/L) by approximately 3,276 and 32,760 

times respectively. For BTEX and benzene, their median values (69 µg/L and 1 µg/L respectively) 

exceed both WHO (2021) and EGASPIN (2014) thresholds by about 305 and 5 times respectively, 

as both thresholds are of the same value (0.2 µg/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 NOSDRA. The 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 right-hand corner of each map gives a close-up view of the areas 

where hydrocarbon contamination seems concentrated within the study area. 

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 hydrocarbon species, 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 study locations, 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. 

 

Figure 4.5: Distributions/Trends of various hydrocarbon concentrations by depth in 

groundwater (µg/L), showing the presence of some hydrocarbon types (TPH and THC) beyond 

the regionôs typical maximum water table of 3 ï 4m. It suggests that TPH and THC concentration 

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 area. The total petroleum hydrocarbon (TPH) was analysed for, more frequently. 

 

 

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, between 10 ï 30 m, c) suggests 

that most of the pipelines can be found at low elevations of 3 ï 25 m.  
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Figure 4.6: Variability in hydrocarbon concentrations across groundwater samples reported in 

various studies, grouped by publication year. While 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 (Figures 4.3 and 4.4). This observation aligns 

with earlier studies (Olalekan 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 values exceeding 

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, likely indicative of acute contamination 

events such as oil spills near pipelines and other oil infrastructure. The scatterplot (Figure 4.6a) 
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further illustrates that higher TPH concentrations are predominantly located within 2000 metres of 

oil-bearing pipelines, suggesting that pipeline leaks or spills are 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). These findings 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 into the 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/Figure S.1), 

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 ï 3 m, with limited consideration of the deeper zones (up to 10 

m and beyond) where groundwater fluctuations occur. The availability of TPH 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 biodiversity. Hydrocarbons 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, human health risks from dermal contact with contaminated soils and 

exposure to volatile organic compounds (VOCs) are considerable. These findings are consistent 

with previous studies (ITRC., 2018; Olalekan et al., 2021; UNEP, 2011) that 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 region-specific remediation strategies. 

Bioremediation techniques, including soil aeration, nutrient addition, and bioaugmentation, 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 groundwater 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 national (EGASPIN, 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 median TPH concentration of 1,170 µg/L 

exceeds permissible limits by 23 and 117 times for EGASPIN and WHO guidelines, respectively. 

Similarly, Polycyclic Aromatic Hydrocarbons (PAHs) and Benzene-Toluene-Ethylbenzene-

Xylene (BTEX) exhibit values far above acceptable limits, 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 ecosystem 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 groundwater. However, vertical migration 

from the spills is likely the dominant pathway (Imanian et al., 2017; Rice, 2022). The 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 concentrations at depths of up to 10 metres (Figure 4.8) 

suggests hydrocarbons are migrating well beyond the shallow water table, indicating that 

dissolved-phase hydrocarbons are pervasive in the system. 

Seasonal fluctuations of the groundwater table, which range between 3 and 7 metres below the 

ground surface (Ngah & 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 long-term source of dissolved-phase hydrocarbons in 

groundwater (Figure 4.3). This smearing effect ensures that hydrocarbons in the unsaturated soil 

zone remain a persistent threat to the underlying aquifer (Cavelan 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 can re-concentrate 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 contamination comprehensively. 

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 under-investigated, despite its potential vulnerability to contamination. Given the 

widespread soil contamination observed and the persistence of hydrocarbons, dissolved-phase 

hydrocarbons are likely to occur in relatively deeper groundwater layers. Future 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 dissolved-phase hydrocarbons, leading to chronic exposure through 

drinking water. Ingested hydrocarbons can cause severe health effects, ranging from liver and 

kidney damage to cancer, as seen with benzene exposure (UNEP, 2011; WHO, 2021). Immediate 

screening of groundwater-based 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, strategies such as switching to non-contaminated 

water sources could mitigate risks. Similar approaches have been successfully implemented for 

arsenic mitigation in other regions (Hoque 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, alongside regulatory and remedial 

actions. 

5. Conclusion 

Here, in-situ data from previously identified hotspot areas of the Niger Delta region were analysed 

to determine the magnitude of hydrocarbon contamination. Although there is a bias towards 

contamination investigated, as 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, exceeding both national 

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 into deeper subsurface 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 groundwater contamination. 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 near oil-bearing pipelines and in low-

elevation zones, reflecting 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 dissolved-phase hydrocarbons, perpetuating the contamination of 

groundwater systems. The risks of exposure through drinking water, dermal contact, and inhalation 
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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 water management 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 cost. Over 7,000 documented oil spills and more than 5,000 

oil production sites discharge oil-separated brine into the environment, posing severe risks to 

groundwater and surface water resources. Shallow aquifers in the region are already known to 

contain elevated concentrations of dissolved hydrocarbons, primarily light non-aqueous phase 

liquids (LNAPLs), exceeding global drinking water standards. However, the extent of 

contamination migration to deeper groundwater systems remains uncertain. This study assesses 

the vulnerability of deeper tube wells to dissolved LNAPLs originating from shallower depths and 

oil spills, using MODFLOW groundwater modelling under steady-state flow conditions. A single-

aquifer representation was employed, incorporating higher horizontal than vertical hydraulic 

conductivity to reflect subsurface heterogeneities, including interbedded finer lithologies and 

discontinuous silt-clay layers. The behaviour of LNAPLs was not modeled separately; instead, it 

was assumed that advective groundwater flow would govern the movement of the dissolved-phase 

hydrocarbons. Groundwater flow paths were simulated using MODPATH. The results indicate 

that oil spill contamination is highly localised, with limited vertical migration within the shallow 

flow system. Deep groundwater remains largely unaffected, as it is recharged by regional flow 

from basin margin areas. Furthermore, the lateral extent of contamination is restricted, suggesting 

that regions without direct spill exposure may still have safe water sources at shallower depths. 

This preliminary study underscores the importance of further investigations into deep groundwater 

safety and highlights the need for additional water quality assessments beyond hydrocarbon 

contamination. 

Keywords: 

Sustainable groundwater management, Numerical modelling, Regional hydrogeology, 

Groundwater flow, Contaminant transport, Oil spills, Dissolved hydrocarbons 

1. Introduction  
The Niger Delta Region (NDR)of Nigeria, where surface-water bodies predominate and there are 

many months of intense rainfall annually, has an abundance of water (Aweto et al., 2023; Aweto 

& Ovwamuedo, 2023). Despite this abundance, the surface water is almost always tainted with 

microbiological infections and man-made 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 spills (Oyebamiji et al., 2022, 

2024; Wekpe & Idisi, 2024; Wekpe et al., 2022, 2024a, 2024b). The Niger Delta region (NDR, 

Figure 5.1), one of the world's most prominent oil-producing regions, has faced extensive 

contamination due to pipeline leaks, well blowouts, and accidental discharges (UNEP, 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 enforcement of environmental regulations 

exacerbates the frequency and severity of such events (Hasson, 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. 

 

Figure 5.1: The map showing the Niger Delta Region (NDR) along with its regional relief and 

the location of the oil spills across the delta. The model domain, spreading over the easter part 

of the NDR, showed with elevation and bathymetric data. It also shows the location of 98 borehole 

data across the delta, some 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 Non-Aqueous Phase Liquids (LNAPLs) and other toxic compounds into aquifers 

(Al -Busaidi et 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 systems (Oyebamiji 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 socio-economic dependence on groundwater in this region, 

understanding the 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 mitigation and remediation 

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 these deep 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 this resource as they become mobile when released into 

groundwater. A sustainable supply of LNAPL-safe 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 several earlier works in other deltaic settings (Hoque & Burgess, 2020; Islam et al., 

2017; Michael & Voss, 2008, 2009a, 2009b). However, 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 detailed 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 regional scale is possible 

as shown by  Michael and Voss (2009b). They have simplified and estimated 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 NDR, the 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 paths (Michael 

& Voss, 2009a) and may eventually impact on the redistribution and flow paths of the dissolved 

LNAPLs within the system. In 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 reaches the deep 

abstraction point. 
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Therefore, modelling has the potential to make a useful contribution to assessing the vulnerability 

of groundwater to pollution, evaluating 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 methods  

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 Rivers (Nwakwoala & Ngah, 2014). 

Approximately 75,000 km2 of 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 deposited during 

marine transgressions and subsidence. Structurally, the delta has a wedge-shaped 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 to bottom (Abam 

& Nwankwoala, 2020). 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, silts, and shales 

deposited in a deltaic environment (Abam & Nwankwoala, 2020). The 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 intercalations. This formation forms the region's principal aquifer and provides 

the foundation for extensive groundwater systems (Abam & Nwankwoala, 2020; Aweto et al., 

2023; Aweto & Ovwamuedo, 2023; Ohwoghere-Asuma et al., 2024; Ophori, 2007), and is 

estimated to be about 2100 m thick 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 Formation (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 (Abam & Nwankwoala, 2020). Groundwater is stored in unconfined, semi-confined, and 

confined aquifers, with depths extending to 2000 meters in some areas (Abam & Nwankwoala, 

2020). These aquifers are replenished by abundant precipitation, exceeding 2,000 mm (up to 3600 

mm at the coastline) annually (Abam & Nwankwoala, 2020; Ohwoghere-Asuma et al., 2024; 

Oyebamiji et al., 2022, 2024), and 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 or semi-confined (Abam & Nwankwoala, 

2020; Ohwoghere-Asuma et al., 2024) and 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 industries (Abam & Nwankwoala, 2020; Hassan, 

2020). However, coastal areas face challenges from saltwater intrusion, where over-extraction and 

proximity to tidal zones result in brackish water infiltration into freshwater systems (Edet, 2021; 

Ohwoghere-Asuma 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 permeability, storativity, and specific 

capacity (Abam & Nwankwoala, 2020; Ngah & Nwankwoala, 2013). 

Groundwater flow generally radiates from higher elevations inland toward the low-lying coastal 

regions and the Atlantic Ocean (Abam & Nwankwoala, 2020; Ngah & Nwankwoala, 2013), and 

regionally from north to south with changes at localized discharge areas (Abam & 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 by thick clay 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 levels decline 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 from 0ï0.34 m near coastal areas to as deep as 

18.2 m inland (Ngah & Nwankwoala, 2013), with seasonal fluctuations of 2.1ï3.6 m (Wali et al., 

2021; Abugu et al., 2024). Deep aquifers (6.0ï1.4 m below ground level) exhibit unexpected 

fluctuations, possibly due to pressure adjustments, reduced overburden load, or long-term 

compaction effects (Burgess et al., 2017). Shallow groundwater discharges into local rivers, and 

wetlands, but the overall regional groundwater flow follows a north-to-south 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). The region, renowned 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 discharging oil-separated brine into the open 

environment. These activities pose a substantial 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 long-term environmental protection. 

2.2 Groundwater Flow Model  

A three-dimensional finite difference numerical model of the Niger Delta aquifer system was 

developed using MODFLOW for groundwater flow simulation 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, is described in detail below. 

2.2.1 Model Domain and Discretization 

The model domain for the Niger Delta Region (NDR) was 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, Figure 5.2) 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 computational demand. The total 

model domain covers approximately 7 km², 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 three-dimensional visualization 

of the boundary conditions and grid geometry is presented in Figure 5.2. 

Table 5.1: 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 

 



 

107 
 

The model top is the land-surface topography, created from the Shuttle Radar Topography Mission 

(SRTM) elevation data/digital elevation model ï 30m resolution DEM from USGS (United States 

Geological Survey, 2022) at 30-m 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 resolution (GEBCO, 2024). Both data was 

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 (Figure 5.2). 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. 

 

Figure 5.2: The study area - grid, model geometry and boundary conditions. a.) Top view of 

model grid. It shows locations for all the other cross-sectional views 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 employed. The elevations are shown in colours with the least elevation within the ocean 

in blue and the highest on land is in red. b.) Front view of the model domain c.) Vertical cross 

section and side view of the model domain d.) 3 - dimensional view of model domain. Vertical 

exaggeration is 10×.  
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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 no-flow condition due to its elevated topography and limited groundwater input. The 

southern boundary, representing discharge into the Atlantic Ocean, was assigned a constant-head 

condition, with a vertical no-flow barrier extending offshore. The seafloor head values were 

adjusted for saltwater density (1.025 kg/L) and bathymetric depth (Michael & Voss, 2009a, 

2009b). 

The western boundary follows the River Niger, acting as a regional discharge zone, assuming 

minimal cross-boundary 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 as no-flow conditions, 

aligning with the Benin and Calabar flanks in Bayelsa and Rivers States, which define the lateral 

extents of the aquifer system (Hassan et al., 2019). The 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, a fixed-head condition was used across the model to 

simulate continuous water availability from rainfall and surface water. The model topography 

ranges from -1774 m (ocean) to 375 m (land), with rainfall varying from 2,000 mm inland to over 

4,000 mm in coastal areas (Hassan et al., 2019). This high rainfall and short dry season 

(NovemberïFebruary) help sustain a near-surface water table, with artesian wells, lakes, and rivers 

expressing groundwater levels (Abam & Nwankwoala, 2020; Wali et al., 2021). Shallow 

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 availability (Giudici et al., 2003). 

2.2.3 Hydraulic parameterisation 

Here, the aim was to differentiate between clay-silt (low permeability) and sand (high 

permeability) materials to understand groundwater flow. Ninety-eight logs were classified into 10 

lithofacies based on grain size (Table 5.2), following Hoque & Burgess (2020), and further 

grouped into two hydrofacies: finer (non-aquifer) and coarser (aquifer) materials. Hydraulic 

conductivity (K) was estimated using lithological data from drillersô logs to represent geological 

variability in groundwater models, with values derived from previous literature. 
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Table 5.2: Estimating the effective hydraulic conductivity using these hydraulic conductivity 

values for the various lithofacies, after Hoque 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) 6.05e-5 

 

Hydraulic conductivity, a crucial parameter in groundwater modeling, can be estimated through 

various methods such as field pump-testing, laboratory core tests, and lithological data (Freeze & 

Cherry, 1979). For regional-scale studies, using empirical relationships between hydraulic 

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

approaches (Nilsson et al., 2007). In this study, lithological attributes derived from drillersô logs 

were used to estimate effective hydraulic conductivity, representing geological variability in 

groundwater models, following after Hoque and Burgess (2020), who selected hydraulic 

conductivity values for different lithofacies were selected from previous literature. 

In layered systems, the highest and lowest equivalent hydraulic conductivities are parallel and 

perpendicular to layering, respectively, calculated using arithmetic and harmonic means (Freeze 

& Cherry, 1979; Hoque & Burgess, 2020). However, in fluvio-deltaic settings, these relationships 

may not hold due to limited layer extent. To address this, Hoque and Burgess (2020)assumed a 

log-Gaussian distribution and used alternative equations derived by Ababou (1996) and applied by 

Michael and Voss (2009a); (Michael & Voss, 2009b) estimate effective hydraulic conductivity 

(Keff). These equations consider varying correlation lengths (li) to account 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 (Keff) was calculated for each drillersô log record using the 

alternative equations, assuming both a single slab (of thickness equal to the total log depth) and 

depth-wise slabs (0ï100 m, 100ï200 m, and 200ï300 m). This approach is consistent with delta 

development patterns, where the topmost approximately 100 meters of sediments are associated 

with late Quaternary evolution (Burgess et al., 2010). The resulting Keff values at each log location, 

associated with correlation lengths (li) of 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. 
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Where: 

‘ = Direction of lowest conductivity 

K = Hydraulic conductivity of a particular lithological unit 

ὑ  = Effective hydraulic conductivity in any direction 

‘ = Direction of highest equivalent hydraulic conductivity 

b = Thickness of the lithological unit 

D = Space dimension (value 3 for 3D problems) 

l i = Correlation length, and 

lh = Harmonic mean of li in the principal directions of anisotropy 

Ŭ = coefficient as defined by equation (4), which depends on the dimension of the medium and 

parameters of the statistically homogeneous log-Gaussian distributed field 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 Scenarios 

To evaluate groundwater flow and contaminant migration potential in the study domain, three 

distinct modelling scenarios were developed: a) Base Case Model (BCM); b) Typical 

Homogeneous Delta Scenario (THDS1); and 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 groundwater flow paths 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). The 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 conductivity values over a 

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 failed to capture the full extent of 

hydrogeological variation in the study area. 

Typical Homogeneous Delta Scenario (THDS1): To 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 and Voss, 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 (kz) was adjusted accordingly. 

Typical Heterogeneous Delta Scenario (THDS2): A third scenario was developed to represent 

the extreme heterogeneity typical of deltaic environments with significant contrasts between 

horizontal and vertical conductivity. This scenario employed an anisotropy ratio (kh/kv) of 10,000, 

which reflects the highly layered nature of deltaic sediments (Michael & Voss, 2009a, 2009b). The 

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 employed in all scenarios to investigate 

flow paths, providing indications of how dissolved-phase contaminants might migrate within the 

regional groundwater system from these spill locations. 
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To further assess whether deep groundwater sources (240ï260 m) could provide safe drinking 

water in hydrocarbon-contaminated areas, backward particle tracking was used to simulate flow 

paths originating from pumping depths in all three scenarios. This approach aimed 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 hydrocarbon-contaminated water. For 

simplicity, population data was used to locate 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 groundwater contamination risks and the 

viability of deeper aquifers as safe water sources in the Niger Delta. 

3. Results 

3.1 Groundwater flow model 

The colour gradient in the image (Figure 3) 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, 

gradually decreasing towards the north/north-central, till it drops drastically in the south. This 

matches with the field observation of the general hydraulic head distribution in the delta (Abam & 

Nwankwoala, 2020; Ogbozige & Toko, 2020; Ophori, 2007). The 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 recharge area, likely fed by consistent rainfall infiltration. The southern 

boundary aligns with the Atlantic Ocean, where groundwater discharges (constant-head 

boundary). The lateral flow dominance is evident due to anisotropy effects, leading to a clear 

progression of flow paths toward the southern discharge zone. 
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Figure 5.3: Groundwater flow model and head distribution within the study domain. a.) Base 

Case Model (BCM), 500m extent, using calculated anisotropy b.) Typical Homogeneous Delta 

Scenario (THDS1) at anisotropy of 1000, one of the typical values for deltas. c.) Typical 

Heterogeneous Delta Scenario (THDS2) at anisotropy of 10000, another 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 THDS2), the head distribution remains the 

same, and the magnitude may vary slightly (Figure 5.3). 

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 hydraulic head values. 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 maintain relatively low head values, but THDS2 (c) seems to have a slightly 

more pronounced low-head 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 

conditions 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 LNAPLsô transport from spills sites 

Forward particle tracking (Figure 5.4) was conducted from selected oil spill points, placed at 

Model Top (ground surface) to simulate the potential migration of dissolved hydrocarbons 

(LNAPLs). 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 groundwater. Results 

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/kv values accelerating lateral transport while 

limiting vertical contaminant dispersion (Figure 5.4 - shown in the cross sections). 

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, contaminants released on the surface would 

travel primarily laterally toward the local discharge area, following the topographic gradient.  The 

dense cluster of pathlines indicates varying migration velocities. To better understand contaminant 

transport, it is essential to analyse the travel path length and time span, as these metrics will vary 

between the different scenarios explored here within the Benin Formation under steady-state 

conditions. 

 

Figure 5.4: Oil spill locations and forward particle tracking within the study domain. a.) Base 

Case Model (BCM) b.) Typical homogeneous delta scenario (THDS1). c.) Typical heterogeneous 

delta scenario (THDS2). Their North-South cross sections (2D front views) are displayed below 

each model. These show the localized, shallow depth of the spill pathlines. The deep blue colour 

indicates areas of origin where spills are youngest while the green and red-cyan colours suggest 

older spills. In each case, the pathlines remain localized, and highlight pathways for contaminant 

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 (Figure 5.4) simulate the potential movement of dissolved contaminant from spill 

points located at the model top.  Under steady-state 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 flow-path geometry when various anisotropy of 

the aquifer is considered. General flow paths and localise nature of the flow path remain same for 

base-case, as well as in other two representations.  

3.2.2 Vulnerability of deep groundwater 

Backward particle tracking was performed for potential boreholes drilled at depths between 240 

and 260 m to identify their recharge origins (Figure 5.5). 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 spills are found. However, as the anisotropy 

increases the recharge pathlines become longer and horizontal and shown to come from further 

distance away from the spill areas. 

 

Figure 5.5: Backward particle tracking for boreholes at depths of 240 - 260 m traces 

groundwater flow back to up-gradient recharge areas. a.) Base Case Model (BCM) b.) Typical 

homogeneous delta scenario (THDS1). c.) Typical heterogeneous delta scenario (THDS2). In each 

case, the pathlines are quite extensive. Their North-South cross sections (2D front views) are 

displayed below each model and show 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 

contaminants would most probably not significantly impact deep groundwater (>=2000m) located 

within the areas simulated as though they seem to draw their recharge from hydrocarbon-

contaminated zones, especially in the case of the BCM (with the lowest anisotropy). However, 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 LNAPLs in the NDR. 

The backward particle tracking results for boreholes at depths of 240 - 260 meters reveal distinct 

variations in groundwater flow paths across three different anisotropy scenarios. In the base case 

model (Figure 5.5a), characterized by the lowest anisotropy, the flow paths are largely vertical and 

localized, originating from shallow recharge zones within the vicinity.  

In the Typical Homogeneous Delta Scenario (THDS1) with an anisotropy of 1000 (Figure 5.5b), 

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 groundwater systems taking 

thousands of years to reach the boreholes.  

In the Typical Heterogeneous Delta Scenario (THDS2) with high anisotropy of 10,000 (Figure 

5.5c), the flow paths become even more regional and most water is coming from the model domain 

periphery. It appears to draw water from middle 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 

sub-sampled representation of 808 spill locations, selected from a total of over 7000 documented 

incidents across the approximately 7km2 model 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 dissolved-phase 

hydrocarbons within the regional flow system, under the assumption that advective transport of 

dissolved contaminants mirrors the groundwater flow field (Burgess et al., 2010; Dogan et al., 

2014; Hoque & Burgess, 2020; Michael & Voss, 2009a, 2009b; Zhou et al., 2004). Given 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 zones (Figure 5.4). 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 paths, including directionality and vertical confinement, 

remained consistent across all model scenarios, regardless of changes in the anisotropy ratio. This 

suggests that while anisotropy 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, implying that deep wells in 

proximity to contaminated recharge zones could theoretically intercept dissolved LNAPLs under 

certain conditions. However, due to the extensive travel times,  often spanning thousands of years, 

it is likely that natural attenuation processes (e.g., biodegradation, dispersion, sorption) would 

significantly reduce contaminant concentrations prior to reaching abstraction points (El-Naqa, 

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 an anisotropy 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 

Deltaôs groundwater system and affirm the hydrogeological resilience of deeper aquifers under 

current conditions. Nonetheless, they also highlight the importance 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 scenarios, flow paths at depths of 

240 ï 260 m suggests limited connectivity to surface spill sources. However, localized variations 

ð particularly in the mid-central western region (see Figure 5.5), indicate zones where recharge 

may originate closer to historically impacted areas, increasing the need for site-specific 

assessment. 

These observations highlight that although deep aquifers offer a promising buffer, they are not 

uniformly immune to long-term contaminant risks. Strategic deployment of monitoring 

infrastructure and hydrochemical screening in these key areas will be critical to ensuring drinking 

water safety and sustainable abstraction planning (Behmel et al., 2016; Butler et al., 2022; Loveless 

et al., 2019; Rivett et al., 2019; Rivett et al., 2018; Swartjes & Otte, 2017; Van Engelenburg 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 critical role of hydrogeological structure 
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in determining contaminant migration patterns. These findings are consistent with basin-scale 

modelling efforts in the Bengal Aquifer System, where anisotropy was identified as a primary 

control on flowpath geometry and vulnerability to shallow contamination sources (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 Bengal Basin, where older groundwater at 

depth remains largely uncontaminated, and travel times exceed the time frames over which most 

contaminants degrade naturally (Hoque & Burgess, 2012, 2020). However, localized zonesðsuch 

as the mid-central western region of the Niger Deltaðmay present higher risks and therefore 

warrant site-specific hydrochemical screening and vulnerability assessment. 

Future work should focus on improving the representation of lithological heterogeneity and the 

quantification of anisotropy, recharge distribution, and contaminant degradation kinetics. Multi-

model approaches, as applied in Bengal, offer a robust framework for capturing uncertainty in 

solute transport predictions and for tailoring monitoring strategies to regional variability (Hoque 

& Burgess, 2020). Moreover, incorporating transient flow regimes, variable recharge scenarios, 

and different spill intensities will enhance the predictive utility of these models. 

Finally, establishing real-time monitoring wells downstream of known contamination sites will be 

essential for tracking plume behaviour, validating model outcomes, and developing adaptive 

management strategies. A systems-based approach that integrates hydrogeological, environmental, 

and socio-economic factors will be key to safeguarding deep groundwater as a sustainable resource 

in vulnerable deltaic regions. 

5. Conclusion 

This study presents a basin-scale, three-dimensional groundwater flow model of the Niger Delta 

aquifer system, integrating hydrogeological anisotropy and contaminant transport potential from 

surface spills. The findings demonstrate that groundwater movement is predominantly 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 confined to 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 risks, must be assessed within a site-

specific hydrogeological context. The approach applied here, combining flow simulation with 

particle tracking, offers 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 vulnerable, will be essential for real-time 

validation and adaptive water resource management. Ultimately, integrating these hydrogeological 

insights with broader environmental and socio-economic planning will be key to achieving 

sustainable and secure groundwater use in the Niger Delta and comparable sedimentary basins. 
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Chapter 6: Discussion and Contribution to Knowledge 

1. Synthesis  

This PhD research investigates whether integrating limited field observations with enhanced 

geospatial data can effectively characterize the Source-Pathway-Receptor (S-P-R) model of 

hydrocarbon contamination 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, multi-method approach. 

The study develops an overarching framework to assess groundwater contamination risks by 

hydrocarbons in deltaic regions. It integrates geospatial analysis, in-situ contamination evaluation, 

and numerical modeling to provide a comprehensive understanding of contamination 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 local and global 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 stakeholder collaboration to mitigate 

groundwater contamination risks associated with hydrocarbons. 

1.1 Objective 1 

The behaviour of Light Non-Aqueous Phase Liquids (LNAPLs), a form of oil spill that is a 

common issue in oil-producing deltas, especially the Niger Delta in Nigeria, is critically examined 

in chapter 2. The findings highlight the urgent need for remediation in the Niger Delta, 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 the hydrogeological 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 and distribution of LNAPLs (Akpan Paul et al., 2022; Bingari, 2023; Guo 

et al., 2022; Huettel, 2022; Ismail et al., 2020; Ismail, 2023; Ismail et al., 2023). Research indicates 

that fluctuations in groundwater levels and temperatures directly affect the biodegradation, 

mobility, and spread of LNAPLs (Cavelan et al., 2024; Cavelan et al., 2022; Ismail et al., 2020; 

Ismail, 2023; Ismail et al., 2023), underscoring the need for further research on local conditions 

like soil heterogeneities and climate. The presence of highly toxic compounds like benzene, 

BTEX, PAHs, and TPHs in the Niger Delta poses acute and long-term health risks to residents, 

including cancer, respiratory disorders, and genetic mutations (Abdel-Shafy & Mansour, 2016; 
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Adipah, 2019; Barbosa Jr et al., 2023; Johnston et al., 2019; Kuch & Bavumiragira, 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 contamination (Aweto & Ovwamuedo, 

2023; French, 2007; Hoque & Burgess, 2020; Hoque et al., 2017). The intricate network of 

waterways, high sedimentation rates, and dynamic groundwater flow patterns in deltas like the 

Niger Delta complicate the behaviour of LNAPLs. These contaminants can migrate through both 

saturated and unsaturated zones, influenced by factors such as groundwater fluxes, soil 

permeability, and the presence of natural barriers. The interaction between LNAPLs and 

groundwater is further complicated by the delta's tidal influences and seasonal variations, which 

can alter the direction and rate 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. Integrating 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 approach and up-to-date database 

hinders effective remediation. Utilizing available data innovatively to prioritize remediation areas 

and understand contamination magnitude is essential for informing risk assessments and mitigation 

strategies. The behaviour of LNAPLs in deltaic settings, particularly their migration with respect 

to groundwater fluxes, requires further investigation through plume development, contaminant 

transport, and groundwater modeling. By integrating the S-P-R model with geospatial analysis, in-

situ data, and numerical modeling, a comprehensive 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 applying a geospatial risk framework to analyse Source-Pathway-

Receptor (S-P-R) linkages and delineate high-risk zones for groundwater contamination in the 

Niger Delta. The method employed the S-P-R model, involving multiple criteria analysis for 

assessing environmental risk. This conceptualization examines 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 

sources, pathways, or receptors, proxies were adopted to characterize source potency, pathway 

transmissibility, and receptor susceptibility. Utilizing a multistage decision-making process 

involving literature review and scientific logic, fourteen parameters were identified and classified 

according to the S-P-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 assigned 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 authorsô academic opinions and comparisons with those used 

by other authors in related concepts, representing the level of significance deemed appropriate for 

each parameter. The subjective nature of this process could serve as a 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 relationship between such criteria and the parameters being analysed. The 

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 which oils penetrate 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 comprehensive assessment 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 absolute risks. 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 scores, 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 high-risk areas identified in prior literature, 

including significant sources such as the UNEP report on Ogoniland (UNEP, 2011) and studies by 

several authors like Akinwumiju et al. (2020); Anyanwu et al. (2023); Egirani and Alaowei (2024);  

Giadom and Tse (2014); Osuji and Achugasim (2010); Ozoemenam et al. (2018); Umar et al. 

(2019); Wekpe and Idisi (2024); and Wekpe et al. (2024a).This literature-based 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 reveals 

previously 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 intervention planning. 

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

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

the landscape is under threat from hydrocarbon contamination. 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 Imo States 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 states, demonstrates 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 resource imperiled 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 analysis of receptor 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 km²) 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 Rivers and Bayelsa, 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 Potency and 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 the S-P-R 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 index derived from the interplay of 

fourteen parameters encompassing source potency, pathway transmissivity, and receptor 

susceptibility. The risk indexða product of the aforementioned factorsðwas computed for each 

pixel within the study area, yielding a dimensionless 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 km²), exhibits moderate GWRZ, while a smaller yet critical 3% (1,400 km²) is 

characterized by high GWRZ. These high-risk zones are prominently located in central and 

northern 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. The employment of the S-P-R framework 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 receptor susceptibility transcends traditional analyses by illuminating the interactive dynamics 

of contamination risk. The findings elucidate that risk is not solely contingent upon the presence 

of contamination sources but hinges on the interplay among all three S-P-R components. This risk 

mapping research offers a preliminary, large-scale assessment and insights; therefore, researchers 

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 oil-producing deltaic environments. It can also aid governmental 

agencies in making informed decisions and allocating resources such as remedial activities, early 

warning systems, emergency response protocols, and appropriate location-based legislation. It 

could also help to signpost areas to engage in vital community-level awareness and advocate for 

improved protective measures while considering 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 well-being 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 in-situ data and benchmarking findings against national and global 

standards. Various studies have employed different methodologies to zone the Niger Delta Region 

(NDR) into different risk profiles. For instance, Wekpe et al. (2024a) used the optimized hotspot 

analysis tool to identify oil spill hotspot areas, highlighting states like Imo, Rivers, Bayelsa, and 

Abia. Akinwumiju et al. (2020) applied a GIS-based Kernel Density algorithm to delineate high-

density zones for oil facilities and spill events, identifying Rivers, Abia, Bayelsa, Imo, and Delta 

as high-risk areas. Similarly, Umar et al. (2019) and Oyebamiji et al. (2022) utilized spatial oil 

spill distribution techniques and the Getis-Ord G* statistic to reveal hotspots in Bayelsa, Rivers, 

Delta, and other states. Oyebamiji et al. (2024) further developed a multi-parameter approach that 

integrated the Source-Pathway-Receptor link to assess the risk of oil contamination in the 

groundwater resources of the Niger Delta region. Despite the varying methodologies, these studies 

consistently identify 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 provide insights into 

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. The ECN (Table 4.1, Figure 

A3.2), approximated by the TPH Criteria Working Group, serves as an empirical relationship for 

grouping hydrocarbon fractions with similar partitioning characteristics (ITRC, 2018; Rivett et al., 

2014; Tomlinson et al., 2014; Tomlinson et al., 2017). Hydrocarbons with higher ECNs are less 

soluble and persist longer in the environment, while those with lower ECNs exhibit higher 

solubility and acute toxicity (ITRC, 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), Benzene-Toluene-Ethylbenzene-Xylene (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 above the upper 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 extremely high values 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. The temporal 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 

and 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 need for immediate remedial actions, 

consistent monitoring, and community engagement. The study underscores the importance of 

integrating in-situ data with geospatial analysis and numerical modeling to develop a 

comprehensive framework for assessing and mitigating hydrocarbon 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 advocacy groups and community-based organizations. Additionally, 

developing site- or region-specific 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 dissolved-phase Light Non-Aqueous Phase Liquids (LNAPL) 

transport within regional groundwater flow systems to evaluate contamination patterns and guide 

mitigation strategies. Numerical modeling of groundwater flow offers quantitative insights into its 

sustainability, as demonstrated by various authors (Hoque & Burgess, 2020; Islam et al., 2017; 

Michael & Voss, 2008, 2009a, 2009b). However, accurately estimating groundwater model 

parameters, especially for data-limited aquifer systems like the Niger Delta, can be challenging. 

Deeper wells may be shielded from absorbing high-LNAPL 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 LNAPLs. 

Travel time also plays a crucial role, as longer travel times increase the likelihood 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 silts (Abam & Nwankwoala, 2020). Groundwater is stored in 

unconfined, semi-confined, and confined aquifers, with depths extending up to 2000 meters (Abam 

& Nwankwoala, 2020). These aquifers are replenished by abundant precipitation and lateral flow 

from inland recharge zones (Abam & Nwankwoala, 2020; Aweto et al., 2023; Aweto & 

Ovwamuedo, 2023; Ohwoghere-Asuma et al., 2024; Ophori, 2007). Shallow 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 over-extraction and proximity to tidal zones. The study aimed to model 

groundwater flow in a localized area within the Niger Delta, analyse flow direction, delineate 

potential LNAPL movement, and determine any relationship between flow patterns and 

abstraction at 250 meters (between 240 m and 260 m) depth. 

To achieve this, three-dimensional finite difference numerical models of the multi-aquifers of the 

Niger Delta Basin were developed using USGS software: ModelMuse and MODFLOW. The 

model domain captured the regional groundwater flow system, extending from inland recharge 

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 km and variable layer thicknesses. The model top was 

created from SRTM elevation data (United States Geological Survey, 2022) and 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 

constant-head boundaries along the coastline and no-flow boundaries 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). 

These scenarios 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 migration behaviour (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 migration through 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 layers. However, the 

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 modeling and field studies, and integrating these 
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insights with environmental and socio-economic factors to develop sustainable groundwater 

management strategies. 

2. Contribution to knowledge 

This research significantly advances the understanding of hydrocarbon contamination, particularly 

the behaviour of Light Non-Aqueous 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 behaviour in groundwater. The integration of limited field data with advanced 

geospatial techniques to establish the Source-Pathway-Receptor (S-P-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 contamination risks. The development of a globally applicable risk equation for 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 assessment 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 models and contaminant transport simulations provide a comprehensive 

understanding of hydrocarbon migration in deltaic settings, crucial for informing long-term 

mitigation strategies. The integration of these findings with sustainability indicators offers a robust 

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

globally. 

Therefore, in summary, the research provided a better understanding of the oil contamination 

situation in Niger Delta, with policy inadequacies established. An equation was engineered, 

thereby developing 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 novel. In addition, a new approach to 

characterise groundwater contamination was applied. 
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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. 
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