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Abstract 
 

Groundwater is a critical resource for sustaining domestic, agricultural, and industrial activities in 

the Komadugu-Yobe Basin (KYB).  However, growing pressures from over-exploitation, rapid 

population growth, pollution from geogenic and anthropogenic sources, and climate variability 

threaten the long-term sustainability of this vital water source. This thesis employs an integrated 

approach which combines geochemical modelling, hydrochemical characterization, Geographic 

Information System (GIS)-based techniques, chemometric analysis, index-based models and 

environmental stable isotopes analysis to determine the factors influencing groundwater chemistry, 

recharge mechanisms, and contamination sources, human health risk of heavy metals in KYB, to 

support Integrated Water Resources Management (IWRM) and help in achieving Sustainable 

Development Goal 6 (SDG 6) in KYB and the wider Sahel region. Groundwater samples were 

collected from 240 water points across the Komadugu-Yobe basin during two sampling campaigns 

(120 each) of wet and dry seasons. The pH, temperature, total dissolved solids (TDS), oxidation-

reduction potential (ORP), and electrical conductivity (EC) were assessed in situ using a handheld 

digital electrical conductivity meter in situ while dissolved oxygen (DO) was measured using a 

DO meter. Major cations (Na, Ca, Mg, and K) and heavy metals (As, Cd, Cu, Zn, Pb, Ni, Fe, Mn, 

Cr and Co), were analyzed using inductively coupled plasma optical emission spectroscopy (ICP-

OES) while anions (Cl, HCO3, NO3, and SO4) were analyzed using ion chromatography (IC). Total 

alkalinity and bicarbonate were measured in situ using a HACH digital alkalinity kit by the 

titrimetric method and in Laboratory using KONE equipment. The stable isotopes of ŭ2H and ŭ18O 

were analysed at the IAEA Isotope Laboratory, Vienna and the Isotope Laboratory for the Ministry 

of Water in Lilongwe, Malawi using Picaro Stable Isotope Analyser. 
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Hydrochemical analysis revealed that groundwater in the Komadugu-Yobe basin is predominantly 

of Ca-Mg-HCO  water type, constituting about 59 % of the samples. Some groundwater quality 

parameters exceeded World Health Organization guidelines for drinking water, while Gibbs 

diagrams identified rock-water interactions as the primary factor influencing groundwater 

chemistry. The groundwater quality index (GWQI) classified 63 % of samples as excellent and 

27% as good for drinking. The study showed a strong interaction between geology, hydrochemistry 

and groundwater quality during the wet season. A further geochemical and chemometric analysis 

revealed that chloride and nitrate originated from anthropogenic sources mainly synthetic 

fertilizers and nitrification processes in pit latrines. Principal Component Analysis (PCA) indicated 

that groundwater chemistry is primarily influenced by geogenic processes, agricultural activities, 

industrial processes and mineral weathering. Additionally, hierarchical cluster analysis (HCA) 

identified the impacts of evaporation and ion exchange processes within the aquifer systems. 

Groundwater sampled during wet and dry seasons is significantly undersaturated with calcite, 

dolomite and fluorite minerals and partial pressure of carbon dioxide (pCO2) exceeded the 

atmospheric pCO2 in nearly all samples. 

The study also assessed heavy metal pollution and its associated human health risks, highlighting 

lead, iron, manganese, and cadmium as the main contaminants and pose significant health risks to 

the local communities in the basin. Index-based models revealed that the groundwater is less 

polluted in upstream parts and highly polluted in downstream parts of the basin. Human health risk 

assessments showed that both adults and children are at risk of both carcinogenic and non-

carcinogenic health effects from drinking contaminated groundwater. Chemometric analysis 

suggests that physicochemical parameters and heavy metals likely have different geochemical 

behaviours and originated from distinct geogenic and anthropogenic sources. Moreover, isotopic 
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analysis of ŭĭO and ŭĮH signatures provided insights into groundwater recharge, indicating that 

local precipitation is the primary source of recharge particularly in areas near Hadejia-Nguru 

wetland, Hadejia Komadugu Valley, Chalawa George Dam, and Tiga Dam, with seasonal 

variations in isotopic signatures due to evaporative enrichment before infiltration. The local 

meteoric water line (LMWL) was defined as ŭ2H = 6.7 (Ñ 0.1) ŭ18O + 4.1 (Ñ0.4) for the KYB, 

while regional analyses of ŭĭO and ŭĮH signatures revealed the influence of the Inter-Tropical 

Convergence Zone (ITCZ) on isotopic variability. D-excess results highlighted complex recharge 

processes in both sedimentary and basement aquifers, suggesting that recharge occurs primarily 

during periods of heavy rainfall with depleted isotopic signatures. D-excess analysis suggests that 

average precipitation in the entire Sahel region exhibits a general continental effect until the ITCZ 

meets the Congo Basin and that average precipitation in the entire Sahel region occurs under 

equilibrium conditions. The findings from this study are essential for policymakers, stakeholders, 

government agencies, NGOs, and local communities to implement integrated water resources 

management strategies toward achieving SDG 6 in the Komadugu-Yobe basin and the wider Sahel 

region. 
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1   Introduction 
 

1.1 Overview 

Groundwater is a vital natural resource and plays a crucial role in sustaining water supplies for 

domestic, agricultural, and industrial activities, especially in arid and semi-arid regions where 

surface water is often unreliable or seasonally unavailable. (El Ouali et al., 2022; Mohamed et 

al., 2022). Over one-third of the world's population, mainly in developing nations depends on 

groundwater for their drinking water supply. (Dippong et al., 2024; Li et al., 2021; Noor et al., 

2024). Yet, over-exploitation, increasing contamination, and rapid population growth threaten 

its long-term sustainability, particularly in developing economies striving to meet their water 

demands while working towards realizing Sustainable Development Goals (SDGs). In line with 

Goal 6 of the Sustainable Development Goals (SDGs), which aims to ñEnsure availability and 

sustainable management of water and sanitation for allò, and targets 6.1, 6.3, 6.4, and 6.5 which 

underscored the need to ensure access to safe drinking water, improve water quality, promote 

sustainable groundwater exploitation, and implement integrated water resources management, 

respectively (UN, 2017, 2020). This highlights the urgent need for coordinated groundwater 

research, development, and management. 

The Petroleum Technology Development Fund (PTDF) awards overseas postgraduate 

scholarships to Nigerians to conduct cutting-edge research in engineering, geology, science, 

and management at prestigious universities worldwide. Its vision, ñTo serve as a vessel for the 

development of Indigenous manpower and technology transfer/acquisition in the oil and gas 

industry, and to position Nigeria as a human resource centre for the West African sub-region 

and the Gulf of Guinea,ò emphasizes the importance of fostering knowledge and addressing 

critical challenges in the oil and gas sector through Indigenous research initiatives. As part of 

the focus on technology transfer and acquisition, this PhD research was developed to examine 
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the impact of groundwater pollution and hydrochemistry, to understand the geochemical 

processes influencing groundwater chemistry and recharge mechanisms in aquifer systems. 

Petroleum exploration activities are predominantly concentrated in the oil-rich southern region 

of Nigeria, most PTDF-sponsored research has historically focused on the oil-rich southern 

regions of Nigeria, leaving the northern region marginalized in terms of research and 

development despite facing significant socioeconomic challenges and health risks related to 

groundwater contamination. 

Subsequently, the PhD titled ñHydrogeochemistry and Isotope Hydrology of the Komadugu-

Yobe Basin, Nigeria, Sahel Region Africaò was developed in consultation with PTDF and the 

representatives from the Hadejia Jamaôare River Basin Development Authority (HJRBDA). 

The Komadugu-Yobe Basin, a critical area for agriculture and food security in Nigeria, faces 

serious challenges, including Boko Haram insurgencies, banditry, farmer-herder crisis, and 

severe human health risks from groundwater contamination. My prior research on flood risk 

and vulnerability assessment in the Hadejia River Basin in 2019 gave me insights into 

groundwater contamination and related human health risks in the Komadugu-Yobe Basin. My 

local knowledge and connections in the area made me an ideal candidate to undertake this 

research. Conducting this study in the region aligns with PTDFôs objectives by offering 

scientific solutions to pressing regional problems and contributing to national development. 

Furthermore, the findings not only provide an understanding of groundwater quality and human 

health risks of groundwater contamination in northern Nigeria but also serve as a framework 

for addressing similar challenges in the southern region, where contamination from oil and gas 

exploration, as well as domestic and agricultural activities, are prevalent. This work aligns 

seamlessly with PTDFôs mission and vision by fostering sustainable solutions and advancing 

socioeconomic well-being. 
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Groundwater provides a significant portion of the water needed for various purposes in both 

rural and urban areas of the Komadugu-Yobe basin (KYB) (Abubakar et al., 2018; Ahmed et 

al., 2018b; Wali et al., 2019). However, the quality of groundwater in KYB is increasingly 

affected by a range of anthropogenic activities and geogenic processes including improper 

domestic waste disposal, agricultural runoff, industrial discharges, mineral weathering, cation 

exchange processes, and evaporation from shallow aquifers. (Kwaya et al., 2017). Moreover, 

rapid population growth, intensive agriculture, urbanization, and ongoing armed conflicts in 

the region have significantly increased water demand, pollution, and the degradation of 

groundwater quality and quantity in the region. Therefore, conducting a comprehensive 

hydrochemical assessment and stable isotope analysis is essential to understand the 

geochemical processes influencing groundwater chemistry, identify sources of contamination, 

and assess recharge processes. This is critical for safeguarding public health and developing 

effective, sustainable water management strategies in the basin. 

According to Le Coz et al., (2011), the aquifer recharge process and pollution potential in the 

Komadugu-Yobe basin have been modified over the last three decades due to extensive 

irrigation farming within the Komadugu-Yobe valley, urbanization, and domestic and industrial 

discharges. Numerous cases of renal failure have been reported in Yobe State, particularly in 

communities such as Gashua, Bursari, Biomari, and areas around the Hadejia-Nguru wetlands 

(Ahmed et al., 2018a; Waziri & Ogugbuaja, 2010).  Ahmed et al., (2018a) reported that health 

centre records from communities around the Hadejia Nguru wetland and towards downstream 

parts of the Komadugu-Yobe basin indicate that 40 % of admitted patients were diagnosed with 

chronic kidney disease (CKD), with 70 % of these cases originating from Gashua, Nguru, and 

Jakusko in Yobe State, as well as certain communities in Jigawa State. It was emphasized that 

nearly every household has been affected either by losing a family member or relative to the 

disease or by struggling with the financial burden of renal failure treatment. The kidney disease 
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cases were said to have begun about 20 years ago, in the early 1990s. Available evidence 

suggests that the disease is not confined to any age group, gender, or ethnic background, 

affecting individuals of all ages, including children, young adults, and the elderly. However, 

women appeared to experience more severe impacts than men (Sulaiman et al., 2022). Most 

people in the communities rely on hospital care or traditional medicine, with the latter being 

more widely used due to its affordability. Potentially toxic elements (PTEs) and major ions, 

including lead, cadmium, arsenic, sodium, sulfate, iron, and nitrate, are prevalent in this region 

and are believed to be the primary pollutants affecting groundwater quality in the basin causing 

renal failure and other water-related diseases (S. D. Ahmed et al., 2018a; Sulaiman et al., 2022; 

Waziri et al., 2012; Waziri & Ogugbuaja, 2010). Although, several studies have detected the 

presence of various contaminants in the groundwater of the basin (Amshi et al., 2019; Dauda 

& Ali, 2024; Jagaba et al., 2020; Tukur et al., 2018; Usman & Aliyu, 2020; Waziri et al., 2012). 

However, to date, no comprehensive attempt has been made to characterize hydrochemical 

processes controlling the groundwater chemistry, identify pollution sources, assess human 

health risks associated with PTEs, evaluate the general suitability of groundwater for drinking 

and irrigation, and analyze groundwater recharge mechanisms on a more regional scale. 

1.2 Aim and Objectives of the Research 

1.2.1 Research Aim 

This research aims to investigate the groundwater resources of the Komadugu-Yobe Basin 

using an integrated approach that combines geochemical modelling, GIS-based techniques, 

chemometric analysis, index-based models, and stable isotope analysis. This approach seeks to 

elucidate the key hydrogeochemical processes governing groundwater chemistry, assess its 

suitability for drinking and irrigation, identify sources and human health risks of groundwater 

pollution, analyze the chemical speciation and complexation of PTEs, and investigate 

groundwater recharge mechanisms. The goal is to provide insights that support sustainable 
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management of groundwater resources and underpin integrated water resources management 

in the Komadugu-Yobe Basin and the wider Sahel region, ensuring water quality and 

availability in the context of climate change and environmental and anthropogenic influences. 

The Komadugu-Yobe Basin in Nigeria was selected as the case study for this PhD research to 

fulfil the requirements of the scholarship funding provided by the Petroleum Technology 

Development Fund (PTDF). Additionally, the basin faces persistent challenges of groundwater 

contamination, and significant socioeconomic issues, and is a region of critical importance for 

agricultural activities and food security in Nigeria. 

1.2.2 Research Questions (RQ) and Specific Objectives (SO) 

Four Research Questions (RQ) were developed to achieve the overall aim of the research. 

These research questions and their associated specific objectives are: 

RQ1. What are the general hydrochemical characteristics of groundwater in KYB and its 

suitability for drinking and irrigation purposes?  

SO1. Conduct a case study to determine the suitability of groundwater for drinking 

purposes in KYB.  

SO2. Conduct a case study on groundwater quality index analysis to classify groundwater 

potability.  

SO3. With the aid of Piper trilinear diagram and Chadha plot, identify various groundwater 

facies and water types in the basin. 

      SO4. Conduct a case study to determine the spatial variation of groundwater quality 

parameters and the link between geology and groundwater quality in the basin. The 

distribution of groundwater quality parameters in the basin was determined and used as a 
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guide in developing effective strategies for sustainable use and management of 

groundwater in the basin. 

SO5. Conduct irrigation water quality analysis in the basin by evaluating various 

parameters that control irrigation water quality such as sodium percentage (Na %), sodium 

adsorption ratio (SAR), Magnesium Adsorption Ratio (MAR), soluble sodium percentage 

(SSP), total hardness (TH), electrical conductivity (EC), residual sodium carbonate (RSC), 

permeability index (PI) and Kellyôs ratio (KR) and irrigation water quality index 

computation. 

RQ2. What role can chemometric analysis and geochemical modelling approach play in 

assessing geochemical evolution and mechanisms influencing groundwater chemistry as well 

as the origin/source of chemical constituents in groundwater in the Komadugu-Yobe basin?   

       SO6. Investigate geochemical evolution and mechanisms governing groundwater 

chemistry using geochemical modelling.   

SO7. Conduct a case study to determine the source extent of chemical parameters in the 

groundwater using a chemometric analysis approach. 

       SO8.  To explore the impact of climate change/seasonal variability on groundwater quality 

in the basement and sedimentary quaternary aquifers of the Komadugu-Yobe Basin. 

SO9. Develop a conceptual model for geochemical evolution and hydrogeochemical 

processes of groundwater in the Komadugu-Yobe basin. 

RQ3. What are the sources and status of PTEs pollution and their associated health risk in the 

Komadugu-Yobe basin and how do these PTEs form speciation and complexation reactions in 

aqueous solution? 
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       SO10. Conduct chemometric analysis and index-based analysis on various PTEs to 

identify their sources and contamination levels in the basin. 

       SO11. Model speciation and complexation of some selected PTEs in groundwater of 

Komadugu-Yobe Basin using Geochemistôs WorkBench GWB software. 

SO12. Conduct human health risk assessment (non-carcinogenic and carcinogenic) of 

PTEs in the basin. 

RQ4. What role can stable isotopes of ŭ18O and ŭ2H offer in identifying the origin of 

groundwater recharge and its mechanisms in the transboundary Komadugu-Yobe basin? 

        SO13. Conduct stable isotope analysis to understand recharge mechanisms in the 

Komadugu-Yobe basin. 

        SO14. Determine the spatial distribution and seasonal variability of stable isotopic 

signatures in groundwater of the Komadugu-Yobe basin and the wider Sahel region. 

1.3 Thesis Structure 

This PhD research work discusses the hydrogeochemistry and stable isotope hydrology of the 

Komadugu-Yobe Basin, Nigeria, Sahel region of Africa for water sustainability. The thesis is 

composed of 9 chapters (Figure 1.1); an introduction chapter, a literature review, a study area 

description, a methodology chapter, 4 main research chapters that present the results section, 

and a discussion, conclusion, and recommendations. Each of the 4 main research chapters 

(chapters 5-8) is represented as a stand-alone peer-reviewed publication. These papers are 

linked sequentially to provide cumulative results analysis and discussion. 2 papers have been 

published in an international peer-reviewed journal and 2 have been submitted and are under 

review. The thesis chapters are described as follows: 
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- The first chapter (chapter 1) presents an overview of the thesis, the research aim, and 4 

research questions with 14 specific objectives which were answered and fulfilled to 

achieve the main aim of the research. The thesis structure is also documented in the first 

chapter.  

- Chapter 2 provides literature reviews of previous works on hydrogeochemical 

investigations. The fundamental principles and basics of groundwater chemistry are 

well presented in this chapter. Additionally, the chapter illustrates state-of-the-art 

knowledge of geochemical modelling and stable isotopic analysis of groundwater 

resources. The recent approaches and key knowledge gaps form the basis of the work. 

Moreover, additional literature relevant to each research paper was reviewed in the 

respective chapters 5-8. 

- The third chapter (chapter 3) mainly describes the study area. The study area location 

as well as its physical and hydro-geomorphological characteristics were presented in 

this chapter. It described the various regional and local geologies, hydrogeological 

settings, and groundwater recharges of the Komadugu-Yobe basin.  

- Chapter 4 (the methodology chapter) provides detailed methodologies adopted toward 

achieving the study objectives. The laboratory and field methodologies used in the 

research were well presented. These consist of the materials used, data and sources of 

data, software, reconnaissance visits, sampling strategies, fieldwork, equipment 

calibration, groundwater inventories, field measurement of physicochemical 

parameters, groundwater sampling, sample preservation, storage and transport, quality 

assurance and quality control, laboratory analysis, statistical analysis, ArcGIS analysis, 

geochemical modelling, ŭ18O, and ŭ2H isotopes analysis, and finally data evaluation 

and interpretation. 
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- Chapter 5 is the first chapter in the results section and aims to answer RQ1 through 

SO1, SO2, SO3, and SO4. This chapter presents a case study to determine general 

hydrogeochemical characteristics and water quality index for groundwater 

sustainability in the Komadugu-Yobe basin utilizing a wet season physicochemical 

dataset. The link between geology and hydrochemical characteristics, groundwater 

facies, and groundwater quality index in the basin was established. 

- Chapter 6 is the second chapter in the results section and presents the role of 

chemometric analysis and geochemical modelling in assessing geochemical evolution 

and mechanisms influencing groundwater chemistry as well as the origin/source of 

chemical constituents in groundwater in the transboundary Komadugu-Yobe basin. This 

chapter answers RQ2 through SO6, SO7, SO8 and SO9. Various sources of chemical 

constituents in the groundwater were determined using principal component analysis 

and hierarchical cluster analysis. Furthermore, Gibbs plots, evidential plots, bivariate 

plots, and chloro-alkaline indices revealed hydrogeological processes in wet and dry 

season groundwater in the basin. Finally, the chapter developed conceptual model for 

hydrogeochemical processes and discusses the relevance and implication of the study 

to groundwater sustainability. 

- Chapter 7 presents an integrated methodology of chemometric analysis and index-based 

models to identify various PTE pollution sources and assess their level of contamination 

and their associated human health risks. It presented the third chapter in the results 

section and answered RQ1 and RQ3 through SO5, SO10, SO11, and SO12. The 

speciation of As, NO3, Fe, Pb, and Fe was modelled using the Pourbaix diagram (Eh-

pH modelling in GWB geochemistôs workbench software). Various index-based 

models: Cdeg, HEI, HPI, and mHPI aided the determination of heavy metals pollution 

levels while the suitability of wet and dry season groundwaters for drinking 
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(considering both physicochemical parameters and PTEs) and irrigation were evaluated 

based on GWQI, WPI and IWQI (hydrochemical indices, USSL diagram, Wilcox plot, 

Doneenôs diagram) respectively. Finally, sources/origin of heavy metals pollution in 

KYB were identified using Pearsonôs correlation analysis, PCA/FA, and R-mode HCA. 

- Chapter 8 answers RQ4 and fulfils SO13 and SO14 and presents the fourth chapter in 

the results section. A stable isotopic dataset of groundwater from two sampling 

campaigns covering wet and dry seasons in KYB and a groundwater dataset from 5 

major basins in the Sahel region of West Africa were utilized to elucidate rainfall-

recharge relationships in KYB and the Sahel region to underpin integrated water 

resources management. In doing so, the regional meteoric water line for the KYB was 

developed using rainfall dataset 3 local and 4 regional GNIP stations. Moreover, the 

precipitation dataset from 15 GNIP stations across the Sahel region enables the 

development of a regional meteoric water line for the Sahel region. 

- Chapter 9: This chapter presents the general discussion of the result of the entire thesis 

by providing a discussion and summary of the key findings, thesis contribution to 

knowledge, the implication of the study to groundwater sustainability, the potential of 

achieving SDG goal 6, and the way forward. It also presents the main conclusions 

drawn from the research, suggestions, and recommendations for future practice and 

research. 

- References: This section documented the list of all materials cited in the research work. 

- Appendices: This section constitutes a list of items that are not essential in the work but 

play a vital role in achieving the desired objectives. 
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Figure 1.1 Flow diagram of the thesis structure highlighting the research questions and 

specific objectives addressed in each chapter. 
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2   Literature Review 
 

The previous chapter presented an overview of the research, outlining the main aim, research 

questions, and the specific objectives critical to achieving the desired research goal. This 

chapter provides general literature reviews relevant to the research aim and objectives. It 

explores the fundamental principles and current state-of-the-art knowledge on the broad thesis 

topic, whilst highlighting research gaps addressed in the thesis. In the result section, the 

research chapters (chapters 5-8) comprise a stand-alone, peer-reviewed publication with more 

detailed literature reviews specific to each study. 

2.1 Brief Overview of Global Groundwater Resources 

Groundwater constitutes about 98 % of the earthôs available freshwater which is about 60 times 

more than the fresh waters in lakes and streams (Musie & Gonfa, 2023; Omotola et al., 2020; 

Panaskar et al., 2016; Wali et al., 2019). About one-third of the world's population depends on 

groundwater for drinking (Noor et al., 2024; Wali et al., 2019). The volume of global 

groundwater resources is estimated to be about 23 million Km3 with only 0.3 million Km3 

considered renewable and readily available for consumption because of limitations such as 

depth, quality and recharge rate (Gleeson et al., 2016). Groundwater is generally considered to 

be better than surface water due to its lower susceptibility to pollution from anthropogenic 

activities and its large storage capacity. Groundwater often requires little to no pre-treatment 

for various purposes. It is increasingly exploited because of its good composition, making it 

suitable to meet the requirements of a wide range of uses. Omole, (2013) reported that about 

75 % of sub-Saharan Africa solemnly depends on groundwater resources for drinking water 

supply. Moreover, about 40, 70, and 33 % of the earthôs groundwater resources are used for 

irrigation, domestic and industrial purposes respectively (Carrard et al., 2019; Giao et al., 2023; 

Ingrao et al., 2023; Mark et al., 2016; Musie & Gonfa, 2023). These figures may increase 



  

13 

 

exponentially due to the declining quantity and quality of surface water resources, driven by 

population growth which heightens the risk of water pollution as well as industrialization, 

urbanization, and climate change impacts (Odukoya, 2015). Joshi et al., (2018) reported that 

the global annual groundwater discharge rate is approximately 1,500 kmį, which can vary 

depending on climate and geography, and it exceeded the typical global groundwater recharge 

rate. Excessive groundwater withdrawals result from changes in living standards, cultural 

norms, and population growth as well as climate change which severely affects various regions 

worldwide (Ingrao et al., 2023; Musie & Gonfa, 2023). 

2.2. Groundwater Resources of Nigeria 

Groundwater is a vital resource in Nigeria, providing water supply for domestic, agricultural, 

and industrial purposes. Groundwater is the water stored in the cracks and pore spaces of rocks 

and sediments within the subsurface of the earth (Pipit et al., 2016). Shallow hand-dug wells 

and deep boreholes are the main sources of groundwater in Nigeria. Groundwater resources in 

Nigeria are estimated to be about 87 kmį which plays a crucial role in meeting water needs in 

the country, particularly in arid and semi-arid regions with limited surface water resources 

during dry seasons (Ahmed & Mansor, 2018; Ngene et al., 2021). Nigeria gets its groundwater 

mostly from basement and sedimentary aquifers across the country, which supply water for 

domestic, agricultural and industrial purposes (Adelana et al., 2008; Akujieze et al., 2003; Edet 

et al., 2012; Ighalo & Adeniyi, 2020). Presently, over 60 % of Nigerian citizens depend on 

groundwater for various domestic purposes (Abioye & Perera, 2019; Omole, 2013; Omotola et 

al., 2020). Edet et al., (2012) highlighted the heavy reliance on groundwater in both rural and 

urban areas of Nigeria. Their study identified overexploitation and pollution as major 

challenges affecting groundwater quality.  

Groundwater is widely used for irrigation purposes especially in the semi-arid region of Nigeria 

(Northern part) (Carter & Alkali, 1996; Sobowale et al., 2014). The demand for groundwater 
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in Nigeria has increased significantly due to inadequate and deteriorating infrastructure, 

insufficient funding for water and sanitation programs, lack of stringent policies and 

regulations, inappropriate financial resource management, degradation of available surface 

water resources from human activities, climate change, and the availability of simple, low-cost 

technologies for groundwater exploration (Ademiluyi & Odugbesan, 2008; Oni & 

Aizebeokhai, 2017). While groundwater resources in southern Nigeria have been extensively 

studied, the northern region that relies most solemnly on groundwater, particularly the 

northeastern region characterized by semi-arid to arid climate has been underrepresented in 

groundwater research on pollution, aquifer recharge mechanisms, groundwater sustainability 

and integrated approach to groundwater resources management. Chapters 5, 6, and 8 fill this 

gap for the Komadugu-Yobe basin by characterizing the groundwater chemistry, assessing 

pollution sources, human health risk assessment of heavy metals and identifying groundwater 

recharge processes. 

2.3 Groundwater Pollution  

Groundwater pollution is a very serious problem of concern worldwide that poses an impact 

not only on health but also on socio-economic development  (Omonona & Okogbue, 2021; 

Rajesh et al., 2019). Groundwater pollution may result from inadequate sanitation, 

indiscriminate use of fertilizers and manures in farmlands, and improper disposal of domestic 

and industrial wastes (Kurwadkar, 2014; Odukoya & Laniyan, 2014). Singh et al., (2013) 

highlighted that groundwater pollution results from increased pressure on groundwater, 

unplanned urbanization, weak exploration policies, and dumping of solid waste and domestic 

discharges at inappropriate places. Intensive agricultural activities lead to an increase in 

groundwater pollution by increasing its salinity concentration as well as nutrient concentration 

(Kurwadkar, 2014; Odukoya, 2015). Moreover, groundwater pollution may arise from natural 

sources, including soils and geological formations that contain elevated levels of heavy metals 
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and various lithologies, which can leach cations and anions into groundwater systems (Ibrahim 

et al., 2019). An annual death of about 1.7 million children below the age of 5 years is suspected 

to be a result of ingestion of contaminated groundwater (Emenike et al., 2018a). 

Pollution of groundwater resources in Nigeria arises from varieties of anthropogenic activities, 

geogenic processes and poor management of effluent from industries (Emenike et al., 2018a; 

Yusuf & Abiye, 2019). Various sources of groundwater pollution in Nigeria include leachate 

from landfills, urban development, industrial effluents, over-exploitation of groundwater, 

hydrogeology, domestic waste and sewage, as well as oil and gas contamination from 

accidental spills and industrial discharges (Egbueri et al., 2019; Ighalo et al., 2021; Yusuf & 

Abiye, 2019). Wali, et al., (2021) Reported that groundwater pollution in the northern parts of 

Nigeria results from salinization and anthropogenic activities coupled with rock weathering 

and rock-water interaction processes  Groundwater contamination in northern, eastern and 

western parts of Nigeria is mostly attributed to agricultural runoff, industrial effluents, fit 

latrines, septic tanks, mining activities, insufficient sanitation, excessive extraction, and 

inadequate waste management (Ighalo et al., 2021). The pollution of groundwater in the coastal 

areas of Nigeria is attributed to oil exploration activities and effluent discharges from industries 

(Owoyemi et al., 2019). Egbinola & Amanambu, (2014) argued that groundwater pollution in 

southern Nigeria primarily results from oil and gas spills, industrial effluents, agricultural 

runoff, waste disposal, poorly managed septic systems, artisanal mining, and unregulated well 

construction, all of which contribute to significant water quality degradation. 

Previous studies in Nigeria identified groundwater pollution in both northern and southern 

region (Amshi et al., 2019; Dawoud & Raouf, 2009; Egbueri et al., 2023; Emenike et al., 2018b; 

Getso et al., 2018; Goni et al., 2019; Mgbenu & Egbueri, 2019; Omeka et al., 2024; Owamah 

et al., 2023). However, these studies lack a comprehensive analysis of geochemical evolution, 

various groundwater pollution sources, and their associated impacts on human health, 
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agriculture, groundwater sustainability and socioeconomic development particularly in the 

northern parts of the country. Chapters 6 and 7 address this gap for the Komadugu-Yobe basin 

by tracing groundwater pollution sources and their geochemical behaviours using chemometric 

techniques, evaluating groundwater quality for various purposes and assessing the human 

health risks associated with heavy metals in groundwater of the basin. 

2.4 Groundwater Quality 

The quality of groundwater is an issue of concern to scientists and hydrogeologists. The 

chemical composition of groundwater is the prime factor considered in characterizing and 

evaluating the quality of groundwater (Rajesh et al., 2019). The chemical reactions which occur 

between minerals and groundwater within the lithologic structures in the subsurface affected 

water types (Ewuzie et al., 2021; Rajesh et al., 2019). Moreover, the overall quality of 

groundwater in terms of domestic, agricultural and industrial applications is significantly 

influenced by evolution of groundwater (Olofinlade et al., 2018). The quality of groundwater 

is significantly affected by natural processes, including hydrogeologic conditions, weathering, 

dissolution, precipitation, lithology, and water-rock interactions, as well as anthropogenic 

activities such as agriculture, industrial processes, mining, and urban development (Varol, 

2020; Zhang et al., 2024). Borehole water in sedimentary regions exhibits low chloride and pH 

values, indicating a corrosive nature which potentially affects groundwater quality (Aladejana 

et al., 2021). Assessment and monitoring of groundwater quality is achieved by 

hydrogeochemical and statistical analysis, as well as water quality indices analysis (Ahmed et 

al., 2019; Marini, 2006). 

2.4.1 Assessment of Groundwater Quality for Drinking 

The assessment of groundwater quality for drinking purposes involves the analysis of the 

chemical composition of groundwater, and remedial actions required for restoring water quality 
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in instances of degradation as well as identifying potential sources of groundwater 

contamination (Annapoorna & Janardhana, 2015; Goswami et al., 2022). Groundwater quality 

assessment for drinking purposes is typically performed by juxtaposing each key water quality 

parameter against the drinking water standard limits (Giao et al., 2023). However, the 

groundwater quality index (GWQI) calculates a single numerical value from various water 

quality parameters to assess the suitability of groundwater for drinking and to effectively 

communicate water quality information (Alrowais et al., 2023; Atta et al., 2022; Batabyal & 

Chakraborty, 2015; Chen et al., 2019). Omonona & Okogbue, (2021) conducted hydrochemical 

characterization and evaluation of nitrate contamination to assess the quality of groundwater 

for drinking in Gboko district, Nigeria. Their study shows that the nitrate contamination of the 

groundwater is from uncontrolled nitrogen-based fertilizer application, paucity in sanitary 

facilities and sewages. Troudi et al., (2020) assessed the quality of groundwater for drinking 

purposes giving special emphasis on salinity and nitrate in shallow aquifers of Guenniche 

Northern Tunisia using World Health Organization standard limits and groundwater quality 

index. Atta et al., (2022) employed a water quality index relevant to both WHO standard limits 

and Egyptian standard limits to identify and assess the suitability of groundwater for drinking 

in the surroundings of Ismailia canal, Egypt. Batabyal & Chakraborty, (2015) employed 

hydrogeochemical analysis and water quality index (WQI) to evaluate groundwater quality in 

a rural area of West Bengal, India. WQI analysis revealed that groundwater is deemed safe for 

drinking, although it exhibits high iron and chloride concentrations in certain regions. 

Hamza et al., (2017) employed the pollution vulnerability index (PVI) and water quality index 

(WQI) to assess groundwater quality and identify pollutants in Kano City, Northern Nigeria. 

Similarly, Garba et al., (2021) evaluated water quality for drinking purposes from four different 

sources in Bauchi metropolis using the Water Quality Index. Several other studies have 

examined groundwater quality for drinking purposes across Northern Nigeria (Ado et al., 2017; 
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Amshi et al., 2019; Babagana-kyari et al., 2024; Bernard & Ayeni, 2012; Dawoud & Raouf, 

2009; Suleiman et al., 2020; Yerima et al., 2017). There is a lack of sufficient research on how 

groundwater quality parameters align with drinking water standards, as well as on the analysis 

of the groundwater quality index in a regional context, particularly in northeastern Nigeria. 

These issues are thoroughly explored in Chapter 5 for the transboundary Komadugu-Yobe 

basin. 

2.4.2 Assessment of Groundwater Quality for Irrigation 

Groundwater is extensively used for irrigation globally, and its quality largely depends on the 

concentrations of major ions (cations and anions) present. Contaminated groundwater can 

introduce toxic metals and harmful microbes into the soil and plants, posing risks to agriculture 

and food safety (Ghosh & Bera, 2023; Ishaku et al., 2016). Agriculture, including both rain-fed 

and irrigated farming, is the primary occupation of residents in the Komadugu-Yobe basin 

which contributes significantly to meeting the country's food requirements (Adeyeri et al., 

2020; Gana et al., 2019). Ensuring good quality groundwater in the Komadugu-Yobe basin is 

essential for sustainable irrigation practices. Eyankware et al., (2020) assessed the irrigation 

water quality in Warri and its environs using the APHA method. The analysis included 

parameters such as electrical conductivity, soluble sodium percentage, sodium percentage, 

permeability index, sodium adsorption ratio, residual sodium bicarbonate, Kellyôs Ratio, and 

total hardness. The Gibbs plot and groundwater facies analysis revealed that the groundwater 

chemistry is predominantly influenced by rock weathering, with the water classified as Na-

HCO  and Na-Cl types. Abdullahi et al., (2010) evaluated the quality of groundwater for 

residential and irrigation purposes in Gubrunde, northeastern Nigeria. The dominant water type 

identified in the study area is Ca-Cl, with a medium salinity hazard. The chemical composition 

of groundwater in the region varies due to factors such as extensive use of artificial fertilizers, 

leaching from terrestrial salts, and ion exchange between water and the host rock. Limited 
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studies have assessed groundwater quality for irrigation, particularly focusing on 

hydrochemical indices and the impacts of salinity and sodicity in northeastern Nigeria. 

However, Chapter 7 addresses this gap by using irrigation suitability indices, Wilcox and USSL 

diagrams, as well as the irrigation water quality index to evaluate the suitability of groundwater 

for irrigation in the Komadugu-Yobe basin.   

2.4.3 Hydrochemical Indices for Irrigation Groundwater Quality  

The hydrochemical indices utilized in evaluating groundwater quality for irrigation include 

Electrical Conductivity (EC), Total Dissolved Solids (TDS), Soluble Sodium Percentage (SSP), 

Sodium Percentage (Na%), Magnesium Hardness (MH), Permeability Index (PI), Sodium 

Adsorption Ratio (SAR), Residual Sodium Bicarbonate (RSB), Kellyôs Ratio (KR), and Total 

Hardness (TH) (Eyankware et al., 2018, 2020a; Ghosh & Bera, 2023; Ishaku et al., 2011). 

Electrical Conductivity (EC) 

Electrical conductivity measures the ease with which electric current passes through water. 

Electrical conductivity is directly proportional to the concentration of dissolved solutes in 

natural waters. The salinity hazard to crops is best assessed by electrical conductivity. The 

osmotic activities of crops reduce when salinity is high, hence impairing the absorption of 

nutrients and water from the soil (Ghosh & Bera, 2023; Ishaku et al., 2011). 

Total Dissolved Solids (TDS) 

TDS is one of the most important parameters in evaluating groundwater suitability for 

agriculture. High TDS levels cause water stress around the crop root zone due to salt 

accumulation in the soil, making it difficult for crops to absorb water (Aravinthasamy et al., 

2020; Panaskar et al., 2016). 
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Total Hardness (TH) 

Total hardness or Hardness is the term used to describe water that has limited ability to react 

with detergents due to its high concentration of dissolved calcium and magnesium ions, which 

limits its usage (Rajesh et al., 2019; Rawat et al., 2018). Total Hardness is the sum of the 

concentration of Ca2+ and Mg2+ concentration in water (Eyankware et al., 2020a; Piviĺ et al., 

2022). High hardness of water leads to scale accumulation in boilers and corrosion of pipelines. 

Kidney failure may also result from the consumption of hard water (Ahmed et al., 2018a; 

Ishaku et al., 2011).    

Magnesium Hazard (MH) 

Magnesium Hazard was introduced by Szabolcs & Darab, (1964) to assess the suitability of 

irrigation water. Elevated magnesium concentration in irrigation water destroys soil structure. 

The magnesium hazard is assessed based on the Mg ratio, defined as the ratio of magnesium 

concentration to the concentration of calcium and magnesium ions. The concentration of Na in 

irrigated soils is significantly influenced by elevated Mg content. Furthermore, elevated 

magnesium content in soil renders it alkaline, thereby impacting crop yield (Hosni et al., 2024; 

Piviĺ et al., 2022). The concentration of exchangeable Na+ in irrigated soils results in an 

increased level of Mg2+ (Rajesh et al., 2019; Rawat et al., 2018). 

Permeability Index (PI) 

Permeability index is one of the important parameters of irrigation water quality, which is 

estimated concerning the permeability of the soil. Long-term application of irrigation water 

typically impacts soil permeability, mostly determined by the concentrations of sodium, 

calcium, magnesium, and bicarbonate in the soil (Ishaku et al., 2011; Rawat et al., 2018). PI 

values are classified as I, II, and III. Waters that fall into class I and II are characterized as 
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suitable for irrigation with 75% or more maximum permeability, whereas waters that fall into 

class III are categorized as unsuitable for irrigation with 25% or less maximum permeability 

(Rawat et al., 2018). 

Sodium Adsorption Ratio (SAR) 

Sodium adsorption ratio measures soil sodicity, which assesses its suitability for irrigation. The 

sodium adsorption ratio increases with sodium content and decreases with higher 

concentrations of calcium and magnesium in water (Kumar et al., 2021; Rawat et al., 2018). 

Therefore, it depends upon the concentrations of sodium, calcium, and magnesium. Excessive 

sodium concentration in soil results in the degradation of soil structure (Rajesh et al., 2019). 

SAR provides the extent to which soils adsorbed sodium/alkali  (Panaskar et al., 2016). The 

ion-exchange complex of irrigation water may be saturated with Na+ when it has high Na+ and 

low Ca+ contents which causes the dispersion of clay particles destroying soil structure (Ishaku 

et al., 2011). 

Sodium Percentage (Na%) 

Sodium reacts with soil to lower permeability, making it a crucial element in determining the 

suitability of groundwater for irrigation. When sodium ions are present in irrigation water in 

high concentration, clay particles in the soil absorb them while dispersing magnesium and 

calcium. This usually results in reduced soil permeability and poor internal draining capabilities 

of soils (Ishaku et al., 2011; Panaskar et al., 2016).  

Residual Sodium Carbonate (RSC) 

The residual sodium carbonate is used to determine the effect of carbonate and bicarbonate on 

the quality of irrigation water (Ishaku et al., 2011; Rawat et al., 2018). RSC is defined as the 

ratio of the total concentration of carbonate and bicarbonate to the total concentration of 

calcium and magnesium in irrigation water (Rawat et al., 2018). High concentrations of sodium 
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bicarbonate and carbonate facilitate the dissolution of organic materials in the soil (Hwang et 

al., 2017).  

Kellyôs Ratio 

Kellyôs ratio is a significant water quality parameter that measures the concentration of sodium 

ions relative to the concentrations of calcium and magnesium ions in natural waters (Ishaku et 

al., 2011; Rajesh et al., 2019). Waters with KI  < 1 are categorized as suitable for irrigation and 

those with KI > 1 are deemed unsuitable for irrigation (Hwang et al., 2017; Rawat et al., 2018).  

2.5 Geochemistry of Groundwater 

The chemical and biogeochemical constituents of groundwater determine the 

hydrogeochemistry and geochemical processes the groundwater undergoes. Background 

geochemistry is essential for assessing the hydrochemistry of groundwater and monitoring 

groundwater quality (Mollema et al., 2013; Nganje et al., 2017). The geochemistry of 

groundwater largely depends on geogenic processes such as rock-water interactions during 

recharge, mineral precipitation, prolonged storage in aquifers, interconnections among aquifers 

and anthropogenic activities (Emenike et al., 2018; Odukoya, 2015). The assessment of 

geochemical processes and the evolution of water, along with the impact of anthropogenic 

activities on groundwater, are determined by a hydrochemical study of major dissolved ions in 

groundwater (Olofinlade et al., 2018; Zhang et al., 2024).  Hydrochemical processes, including 

rock-water interaction, cation exchange, evaporation, mineral dissolution/precipitation, 

seawater intrusion, oxidation-reduction, and biological activities, significantly influence the 

hydrochemical evolution of groundwater in aquifer systems (Kumar et al., 2014; Mollema et 

al., 2013; Omonona & Okogbue, 2021). 

The geochemistry of the Lake Chad basin is controlled by geochemical precipitation, clay 

neoformation and infiltration of water into the quaternary aquifer (Bouchez et al., 2016). Wali 
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et al., (2019) indicated that the primary process governing groundwater chemistry in southern 

Kebbi is the weathering of rock minerals. Owoyemi et al., (2019) emphasized that the 

groundwater chemistry of the inland areas of the Niger Delta, Nigeria, primarily results from 

silicate weathering and ion exchange processes, while that of the coastal areas is predominantly 

influenced by seawater tidal flushing, silicate weathering, and ion exchange processes.  

Omonona et al., (2019) revealed that the water of Enyigba-Ameri is neutral to slightly alkaline, 

influenced by weathering of minerals like Lead, Zinc, and iron, anthropogenic activities, and 

dissolution of silicate and carbonate minerals. Yet, the geochemical processes controlling 

groundwater chemistry in northern Nigeria are poorly understood, particularly in the semi-arid 

northeastern part of the country. Regional hydrochemical analyses which include geochemical 

modelling and chemometric analyses, have also not yet been conducted. To fill this gap, chapter 

6 employed geochemical modelling and chemometric techniques to elucidate the geochemical 

processes such as carbonate dissolution, evaporation and silicate weathering influencing 

groundwater chemistry and the impact of anthropogenic and geogenic processes in 

groundwater of Komadugu-Yobe Basin to have a thorough understanding of the groundwater 

chemistry. 

2.6 Geochemical Evolution of Groundwater 

The geochemical evolution of groundwater encompasses the changes in its chemistry as it 

passes through subsurface strata, interacting with rocks, minerals, and organic matter 

(Hussainzadeh et al., 2023; Tarasenko et al., 2022; Walter et al., 2023). Geochemical evolution 

is affected by physical, chemical, and biological processes that alter the concentration of 

dissolved minerals and gases in groundwater that are vital in groundwater quality assessment 

and identifying potential contamination sources. The principal processes influencing 

geochemical evolution include water-rock interactions, redox reactions, ion exchange 

processes, mineral dissolution and precipitation, evaporation, and anthropogenic activities (Fu 
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et al., 2018; Walter et al., 2023). Geochemical modelling uses mathematical simulation of 

chemical reactions to characterize the chemical composition and behaviour of groundwater 

systems. Various processes governing groundwater evolution and the factors affecting 

groundwater chemistry are most effectively visualized by hydrogeochemical models (Ijioma, 

2021). Geochemical models describe and predict how complex natural waters behave in 

response to various changes in equilibrium and help prevent future contamination of 

groundwater (Singh et al., 2013). 

Piper and Durov diagrams were employed to determine hydrogeochemical facies of 

groundwater prevalent in the Ogbaru farming district in southeastern Nigeria (Egbueri, 2019). 

Singh et al., (2013) assessed the impact of seasonal variation and land use changes on 

groundwater quality in Ganga and Yamuna, India. The result of the WATEQ4F geochemical 

model revealed high under-saturation concerning halite and brucite, making the water 

unsuitable for irrigation. Human activities and natural processes were the main drivers of the 

changes in the hydrogeochemical nature of the groundwater. Emenike et al., (2018) conducted 

a hydrochemical assessment of groundwater in Abeokuta, Southeastern Nigeria by integrating 

geospatial and hydrochemical approaches. Their study reveals a mixed water type in the study 

area and that groundwater contamination is from mineral dissolution in soils and aquifers and 

anthropogenic activities. Ijioma, (2021) used Piper diagram, Chadha plot, Bivariate cross plots, 

and Schoeller diagram to describe the chemical behaviour of the groundwater system of Aba 

and its environs, Nigeria. 

Eyankware et al., (2018) evaluated the groundwater quality in an abandoned limestone quarry 

pit in the Nkalagu region of the southern Benue Trough, Nigeria by employing a geochemical 

modelling technique. The hydrogeochemical facies analysis in Piper plots indicates that Ca-Cl2 

water type is predominant in the study area. Ukpai et al., (2016) investigated major ion 

concentrations in groundwater samples from the Upper Cross River watershed and found five 
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distinct alkaline water facies. Stephen et al., (2017) examined the hydrogeochemical facies of 

groundwater in the upper Cross River Basin, southern Nigeria, to identify different water types 

by assessing the major ion concentrations in the groundwater. Five hydro-chemical facies of 

groundwater were identified using aqua-chem analysis: Ca-Mg-Cl-SO4, Ca-Mg-HCO3-Cl-SO4, 

Ca-Mg-HCO3, Na-K-HCO3, and Na-K-Cl-SO4. Owoyemi et al., (2019) examined the 

variability in hydrochemical properties and the processes governing the hydrochemical quality 

of groundwater in Delta State, Niger Delta region of Nigeria. The results indicate that Ca and 

Mg are the predominant cations in the coastal zone, while Na and Ca are the most prevalent in 

the inland region. Piper diagrams show Ca-HCO3, Na-HCO3, Na-Cl, and Ca-Mg-Cl-SO4 are 

the prevalent water facies. Moreover, ionic cross plots, correlation analysis and geochemical 

modelling indicated that the groundwater chemistry in the inland region is mostly affected by 

silicate weathering, while that of the coastal region is influenced by ion exchange, silicate 

weathering and seawater tidal flushing.  

The seasonal and spatial evolution of groundwater chemistry remains poorly investigated in 

the Komadugu-Yobe Basin. To date, there are no comprehensive studies that evaluate the 

evolution of hydrochemical facies and their relationship with various geological settings across 

the basin. Moreover, research on the impacts of anthropogenic activities on the geochemical 

evolution of groundwater is absent in the basin. These issues have been addressed in chapters 

5 and 6. 

2.7 Potentially Toxic Elements Pollution Analysis 

Potentially toxic element pollution in groundwater is of significant concern not only to the 

environment but public health. The presence of PTEs in groundwater even at very low 

concentrations has tremendous long-term impacts on ecosystems and human health (Fatunsin 

et al., 2024; Veluprabakaran & Kavitha, 2023). PTEs are very toxic and do bioaccumulate in 

the human body when ingested (Aktar et al., 2023; Nordstrom, 2011).  Heavy metal pollution 
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originates from industrial effluents, agricultural activities, mining activities, inadequate waste 

management, urban runoff, and geogenic sources. PTE contamination occurs through leaching, 

complexation and adsorption, and redox reactions. The impacts of heavy metals in groundwater 

include severe health risks, including neurological damage, kidney disease, cancer, and 

developmental issues in children (Ahmed et al., 2018a; Nanayakkara et al., 2019; Waziri & 

Ogugbuaja, 2010). Groundwater contaminated by PTEs may affect surface water ecosystems 

and soil quality, leading to reduced agricultural productivity and potential entry of toxins into 

crops (Fang et al., 2019; Noor et al., 2024; Zhou et al., 2024). Source identification, 

mechanisms, and degree of PTE contamination are essential for developing sustainable 

groundwater management and remediation strategies. 

Heavy metal pollution and its potential human health risks to adults and children have not been 

thoroughly studied on a regional scale in the Komadugu-Yobe Basin. However, few studies 

integrate statistical analysis and spatial mapping to evaluate heavy metal pollution issues in 

some localities in the basin. Therefore, chapter 7 addressed this gap by providing a 

comprehensive analysis of PTE pollution, source identification and assessing their associated 

human health risks for both adults and children on a more regional scale in the Komadugu-

Yobe basin. 

2.8 Speciation and Complexation of Potentially Toxic Elements in Groundwater 

Chemical speciation and complexation refer to the distribution of chemical elements into 

various molecular and ionic forms in water (Agunbiade et al., 2012; Jacks & Nystrand, 2019; 

Laxen & Harrison, 1981; Sikakwe et al., 2018). The chemical speciation of elements 

significantly influences the geochemistry and bioavailability of trace metals in solution. Metals 

combine with various ligands, such as hydroxides, chlorides, sulfates, bicarbonates, and 

fluorides, to form complexes in an aqueous environment (Khan et al., 2017; Lenoble et al., 

2013). Chemical speciation of PTEs in groundwater is modelled by WATEQ4F, PHREEQC, 
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GWB Workbench, and Visual MINTEQ (Agunbiade et al., 2012; Jacks & Nystrand, 2019; 

Khan & Umar, 2024). Chemistry in aquatic systems is complex and differs significantly from 

that of other trace elements with two major species of arsenate and arsenite that vary in degree 

of mobility and toxicity to humans (Lenoble et al., 2013; Snousy et al., 2021). Sikakwe et al., 

(2018) conducted modelling of chemical species and complexes of rare earth and trace 

elements in groundwater in southeastern Nigeria Lenoble et al., (2013) assessed the distribution 

and chemical speciation of arsenic and heavy metals in Bosnia and Herzegovina using 

geochemical speciation modelling software (PHREEQC and WHAM-VI). Their results 

indicated that arsenic predominantly existed as As (V) and iron as Fe (III) in the study area. 

Khan & Umar, (2024) employed an Eh-pH plot to model the speciation of As and Fe in 

groundwater during pre-monsoon and post-monsoon seasons. Their results revealed that most 

of the groundwater in both seasons falls into the field of H3AsO3 and Fe
2+ signifying reducing 

conditions prevail in the aquifer.  

Research on the speciation and complexation of trace elements and their interactions within the 

groundwater system of the Komadugu-Yobe Basin has not been conducted. Furthermore, there 

has been no application of advanced geochemical modelling tools such as GWB WorkBench, 

MINTEQ and PHREEQC to understand the behaviours of trace elements in the groundwater 

of the basin. These issues have been addressed in chapter 7. 

2.9 Epidemiology of renal disease in the Komadugu-Yobe basin  

Renal diseases particularly chronic kidney disease (CKD) of known aetiology, have been a 

major public health issue in northern Nigeria, with an increasing prevalence in the northeastern 

region including the Komadugu-Yobe Basin (Ahmed et al., 2018a; Oni & Aizebeokhai, 2017; 

Sulaiman et al., 2022). At least 85% of individuals suffering from kidney-related issues in Yobe 

State are from Gashua and surrounding areas near the Hadejia-Nguru wetlands. High cases of 

renal failure have led to many deaths and continue to pose a serious health risk to many 
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residents in the region. Data collected from medical facilities in Gashua indicate that between 

January and October 2018, as many as 467 cases were recorded (Adamu et al., 2021).  Ahmed 

et al., (2018a) found that 40% of hospital admissions in health centres near affected 

communities were for CKD, with 70% of cases originating from Yobe and Jigawa States. The 

deteriorating environmental and socioeconomic conditions significantly contribute to the high 

level of kidney diseases in the region, with some literature relating these factors to groundwater 

contamination, environmental pollution as well as limited access to healthcare facilities 

(Adamu et al., 2021; Oni & Aizebeokhai, 2017; Waziri & Ogugbuaja, 2010). 

Heavy metals such as lead, cadmium, and arsenic are prevalent in the region and are considered 

key pollutants contaminating groundwater, soil, and vegetable crops (Sulaiman et al., 2021; 

Waziri & Ogugbuaja, 2010). Consuming contaminated water and vegetables grown in the area 

is considered a primary pathway for heavy metal exposure in humans. A significant portion of 

the population has suffered, succumbed to, or continues to battle kidney disease. Table 2.1 

shows cases of renal diseases in northeastern parts of Nigeria. The renal diseases in 

northeastern Nigeria affect all age groups, from children to the elderly, without a clear 

preference for any demographic (Ahmed et al., 2018a; Chiroma et al., 2021). However, 

community reports indicate that women experience more severe health impacts of renal failure 

than men, although the reasons for this disparity remain largely unexplored. Moreover, 

comprehensive epidemiological studies on the region remain understudied, underscoring the 

need for more scientific investigations to understand the risk factors, prevalence, and human 

health risks. 
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Table 2.1 Cases of renal diseases in Northeastern Nigeria (Ahmed et al., 2018a). 

 

2.10 Stable Isotopes of Hydrogen and Oxygen in Groundwater Assessment 

Stable isotopes of oxygen (ŭĭO) and deuterium (ŭĮH) are rare parts of water molecules (H2O) 

that vary spatially and temporally over a watershed, serving as a tool for investigating a broad 

range of processes within the water cycle (Goni, 2006; Gat, 2010; Gibrilla et al., 2017). Stable 

isotopes are used in estimating groundwater recharge rates. They can also be used as tracers in 

determining the origin of groundwater, recharge mechanisms, flow direction, relative age of 

groundwater and information on past climate (Azzaz et al., 2008; Goni, 2006; Maduabuchi et 

al., 2006). Stable isotopes of water molecules have been extensively used in differentiating 

modern meteoric waters and palaeometeoric waters and those that get recharged under humid 

and cooler conditions of Late Pleistocene (Goni et al., 2001; Huneau et al., 2011; Maduabuchi 

et al., 2006). Isotope geochemistry provides a comprehensive understanding of the 

geochemical and hydrochemical processes in an aquifer system (Bello et al., 2019; Eissa et al., 

2019; Salifu et al., 2017). Understanding groundwater recharge processes is essential for 

developing sustainable water resource management plans in the context of climatic variability 

Name of Community Kidney disease incidence 

Arki  Kidney diseases exist, number uncertain 

Auyo 10 deaths 

Dawa 1 death 

Gamsarka 1 death; 2 patients in hospital 

Ganuwar Kuka 2 patients in hospital 

Guri 5 deaths; 1 patient in hospital 

Hadejia Kidney disease exists, number uncertain 

Madachi 1 death 

Malam Madori Kidney disease exists, number uncertain 

Sabon Gida Gabas 3 deaths 

Zugo Kidney disease exists, number uncertain 

Lawan Fannami, Gashua Several cases and deaths 

Lawan Katuzu, Gashua Several cases and deaths 

Lawan Zango, Gashua Several cases and deaths 

Nguru Several cases and deaths 
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and anthropogenic activities (Bello et al., 2019; Faye et al., 2019; Huneau et al., 2011). Mook, 

(2000) stated that the distribution of isotopes through the hydrological cycle is influenced by 

several processes:  

- Evaporation:  This emits lighter isotopes such as hydrogen (ĭH) and oxygen-16 (ĭ O) 

into the atmosphere, leaving enriched heavier isotopes (deuterium (ĮH) and oxygen-18 

(ĭ O)) causing water bodies and soil moisture to become isotopically heavier. 

- Condensation and precipitation: This occurs as water vapour rises and cools in the 

atmosphere, leading to condensation of heavier isotopes that result in isotopically 

lighter precipitation. This results in the "altitude and temperature effectò. 

- Isotopic fractionation in clouds (Rayleigh distillation): This occurs when air masses 

cool and release moisture as they move inland, resulting in a lighter isotopic 

composition of water vapour. 

- Infiltration and groundwater recharge: This entails the incorporation of isotopes from 

precipitation into groundwater, resulting in the isotopic signature of groundwater 

reflecting the composition of local precipitation.  

- Mixing water sources: This can modify the isotopic signature of water bodies.  

- Sublimation and snowmelt: This occurs when snow or ice undergoes a direct transition 

to vapour, providing insights into seasonal recharge patterns.  

- Transpiration: The process by which plants absorb water from the soil, and release 

water vapor into the atmosphere, resulting in isotopic fractionation. 

Goni, (2006) employed stable isotopes to trace meteoric water flow to groundwater in the 

southwestern Chad basin. Middle and lower aquifer zones showed similar isotope values, 

indicating the same evolution, while upper aquifer showed variable values, indicating similar 

water composition in only middle and lower aquifer zones. Maduabuchi et al., (2006) 

Investigated water sources and ages of waters, the possible modern renewal and the deep 
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groundwater mixing, and paleoclimatic incidences in the aquifers of the Nigerian Chad 

Sedimentary Basin. They found Na-HCO3 groundwater, that is slightly to moderately 

mineralized, replenished by modern meteoric water in the upper aquifer. The middle and lower 

aquifers exhibited a palaeometeoric origin, with no evidence of mixing with modern waters. 

Ansari et al., (2018) analyzed isotopic compositions of groundwater, precipitation, river, and 

canal water to ascertain recharge sources, recharge zones, and groundwater flow within the 

Ghaggar River basin. Their results indicate that local precipitation is the primary source of 

groundwater recharge; however, depleted ŭ18O and ŭ2H signatures suggest recharge 

contributions from canal seepage and irrigation return flow. Ahmed et al., (2022) examined the 

historical stable isotopic compositions of hydrogen and oxygen in 1,618 water samples from 

seven principal aquifer and reservoir systems in Egypt. Their findings indicated that alluvial 

and coastal aquifers are recharged by modern precipitation, flood waters, and deep aquifers, 

whereas the Nile Valley and Delta aquifers are recharged by modern rainfall, irrigation canals, 

and deep aquifers. 

The role of stable isotopes in identifying groundwater recharge mechanisms in semi-arid to 

arid regions affected by seasonal variations and regional climatic factors remains 

underexplored. Few studies have investigated the role of stable isotopic signatures of 

groundwater in groundwater recharge mechanisms in some parts of the Komadugu-Yobe Basin. 

The absence of a Regional Meteoric Water Line (RMWL) for the Komadugu-Yobe Basin and 

the Lake Chad region hinders the comprehensive interpretation of isotopic data in a regional 

context. Moreover, research on seasonal and spatial isotopic variations, particularly about 

climatic factors such as the Inter-Tropical Convergence Zone (ITCZ) and regional orography 

in KYB and the wider Sahel region is lacking. To address these gaps, Chapter 8 utilizes stable 

isotope analysis (ŭĮH and ŭĭO) to elucidate groundwater recharge mechanisms, develop the 
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RMWL for the Komadugu-Yobe basin, Lake Chad region and Sahel region, and investigate 

seasonal and orographic variations in groundwater recharge processes. 

2.10.1 Groundwater Recharge Mechanisms 

Groundwater recharge is assessed by various methods such as; isotopes, geochemical tracers, 

water balance, temperature profiles, water level fluctuations, electromagnetic techniques, and 

other modelling approaches (Ansari et al., 2018; Eissa et al., 2019; Goni, 2006; Tewolde et al., 

2019). Stable isotopes help identify the origin, pathways and dynamics of water recharges as it 

moves through the hydrological cycle (Faye et al., 2019; Hao et al., 2019). The application of 

isotope tracers in recharge assessment is increasing and enhancing understanding of 

groundwater recharge mechanisms (Banks et al., 2021; Hao et al., 2019; Xu et al., 2019).  

Tewolde et al., (2019) identified recharge zones and estimated soil evaporation in the Lake 

Chad basin (LCB) utilizing stable water isotopes and chlorine mass balance approaches. The 

results identify potential groundwater recharge zones, while soil evaporation was anticipated 

to correlate with water usage during the early growing period. Bouchez et al., (2016) employed 

sodium and stable isotope mass balance techniques to evaluate evaporation, transpiration, and 

infiltration in the Lake Chad basin. The study indicated an evapotranspiration rate of 2070 Ñ 

100 mm/a for the southern pool and 2270 Ñ 100 mm/a for the northern pool of the basin, with 

an overall estimate ranging from 100 to 300 mm/a. Fantong et al., (2020) analysed the 

distribution of major ions, Si, ŭ2H, ŭ18O, trace elements, and rare-earth elements in the Benue 

River basin. Their results indicate that the recharging of the basin's shallow aquifer occurs by 

mixing surface water and groundwater between the July and September rainfall. Gibrilla et al., 

(2017) estimated groundwater recharge dynamics using the characteristics of ŭ2H and ŭ18O in 

groundwater, rainwater and spring in the Amedzofe area of Ghana. They found a mean annual 

recharge rate of 125.76 mm/a for groundwater and 300.68 mm/a for spring, respectively, 

representing 10.70 and 8.39 % of annual rainfall, and recharge occurs in March, June, and 
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August. Edmunds et al., (1999) analyzed modern hydrological processes and reconstructed the 

palaeohydrology through hydrogeochemical and isotopic investigation of rainwater, lakes, 

groundwater aquifers and various other water sources in NE Nigeria. Recharges of the deep 

aquifers were found to occur between 24 and 18.6 ka BP before the last glacial maximum. The 

recharge at Manga Grassland is found to be 44 mm/year while regional recharge is 60mm/year 

mainly from surface water. Furthermore, the shallow water in the region contains significant 

groundwater resources whereas the deep aquifer waters contain palaeometeoric waters. Salifu 

et al., (2017) employed hydrogeochemical and environmental isotopic analysis to assess 

groundwater quality and origin in Gushegu district, Northern Ghana. The groundwater has poor 

quality due to elevated fluoride, bicarbonate, and electrical conductivity. The stable isotope 

analysis suggests meteoric origin, however, some samples showed significant evaporation. 
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3   Description of the Study Area 
 

3.1 The Study Area Setting 

The study area is the transboundary Komadugu-Yobe basin (KYB) located in the Southwestern 

part of the Lake Chad basin. It is a sub-basin of the greater Lake Chad situated in the 

Northeastern Nigeria and Southwestern Niger Republic, which lies in the Sudan-Sahel region 

of Africa (Figure 3.1). The basin covers an approximate area of 150,000 Km2 (Adeyeri et al., 

2020; Castelein, 2002). The elevation in the basin varied between 294 m to 1750 m with the 

highest elevation recorded in Bauchi and Jos Plateau. About 95 % of the basin water 

contribution in KYB is from Nigeria (Adeyeri et al., 2019). The basin is primarily drained into 

Lake Chad by the Komadugu Yobe and Komadugu Gana river sub-systems. Two major rivers: 

the River Hadejia and River Jamaôare meet at the Hadejia-Nguru wetlands and form the Yobe 

River. The Kano highland is the main source of the Hadejia River while the Jamaôare River has 

its source from the Jos Plateau (Bura et al., 2018; Chiroma et al., 2015). The Watari River is at 

the upstream part of the Hadejia River system. Watari, Tiga and Challawa rivers all together 

joined upstream of Wudil town to form the Hadejia River. Notable dams in the basin are the 

Tiga, Watari, and Challawa Gorge dams (Chiroma et al., 2015; Goes, 1999, 2002). These dams 

are located at the upstream parts of the basin which control about 80 % of flows into the 

Nadejia-Nguru wetlands. Tiga Dam is mainly used to store water for irrigation in the Kano 

River Irrigation Project (KRIP). It is also used as a flood control reservoir. Moreover, another 

irrigation project: the Hadejia Valley Irrigation Project (HVIP) receives water from a barrage 

constructed below the Tiga dam. The Challawa Gorge dam is mainly constructed to supplement 

irrigation water in KRIP to HVIP, Water supply to Kano City and as a flood 

management/control structure (Ahmed et al., 2018). Another large-scale irrigation project in 

the basin is the Hadejia-Nguru Wetlands (HNW) Conservation Project (Goes, 1999). 
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Figure 3.1 Location of Komadugu-Yobe Basin in Africa. LCB: Lake Chad basin. KYB: 

Komadugu-Yobe basin. 

 

3.2 Climate and Vegetation 

The Komadugu-Yobe basin exhibits a semi-arid to arid climate characterized by severe 

drought, pronounced seasonal variability and significant rainfall fluctuations particularly in the 

downstream parts of the basin. The basin experiences two distinct seasons: the wet and dry 

seasons. The wet season is experienced between May and September with peak rainfalls in the 

month of August while the dry season spans from October to April (Adeyeri et al., 2017; 

Chiroma et al., 2015). About 80 % of rainfall occurs between June and September. The mean 

annual rainfall in the upstream part of the basin varies from 1360 mm in Jos to about 900 mm 

at Kano while it varies from about 600 mm around Hadejia and about 400 mm around Nguru 

around the middle of the basin. Rainfall amount reduced to a minimal value of less than 300mm 
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toward the downstream parts of the basin (Adeyeri et al., 2020; Ahmed et al., 2018b). Recent 

studies have highlighted the impact of climate change on the hydrological cycle in the basin 

(Adeyeri et al., 2017; Adeyeri et al., 2019; Dosio et al., 2022; Shuaibu et al., 2022). For 

instance, between 1971 and 2017, there has been a notable increase in extreme rainfall events, 

leading to more frequent and severe flooding, particularly in the downstream parts of the basin 

(Joshua, 2021; Umar & Gray, 2023).  

Climate change studies indicated that these trends are likely to continue, with future scenarios 

suggesting a rise in both the intensity and frequency of extreme rainfall events (Audu et al., 

2021; Joshua, 2021). An average minimum temperature of 12 0C is recorded between the 

months of December and January while an average maximum temperature of about 40 0C is 

recorded between the months of March and April. The downstream portion of the basin 

experienced a low amount of rainfall due to semi-arid nature and the high evaporation rate is 

eminent due to high temperature. This variability in the seasonality of extreme weather events 

between the upstream and downstream parts of the basin poses challenges for groundwater 

recharge, as intense rainfall often leads to increased surface runoff reducing groundwater 

recharges into aquifers (Adeyeri et al., 2019; Audu et al., 2021). Moreover, the basin 

experiences significant flooding events due to high-intensity rainfall leading to river overflows 

and inundation of surrounding areas and farmlands which not only disrupt local communities 

but also alter the natural recharge processes of groundwater systems (Cirella & Iyalomhe, 2018; 

Enobong et al., 2022; Umar & Gray, 2023). The basin has a moderate relative humidity of 40 

% and an annual evaporation rate of 203 mm/year while the annual potential evaporation ranges 

from 1800 mm to 2400 mm (Adeyeri et al., 2020). The vegetation of the basin is mostly 

dominated by dense grasslands, shrubs and scattered trees (Adeyeri et al., 2020; Chiroma et 

al., 2015; Goes, 2002). 
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3.4 General Geology and Stratigraphy of Lake Chad Basin 

3.4.1 The Geology of Lake Chad Basin 

The Lake Chad basin sits on the African Continent and is centrally overlaid on the extension 

of the Cretaceous Benue rift system which outcrops in Nigeria (Burke, 1976; Lopez et al., 

2016). The bedrock of the Precambrian basement complex of the Lake Chad basin is overlain 

by sediment deposits of Palaeozoic to Quaternary ages (Maduabuchi et al., 2006). The 

configuration of the crystalline basement which outcrops in the eastern, southeastern, 

southwestern and northern borders of the Lake Chad basin beneath the sediment close to the 

lake resembles the horst and graben zones (Barber & Jones, 1960; Maduabuchi et al., 2006). 

The structural geology of the basin consists of faults and folds, which influence groundwater 

flow and recharge (Olugbemiro et al., 1997; Schuster et al., 2009). The general geology of the 

Lake Chad basin is presented in Figure 3.2 showing most of the basin area is covered by the 

Quaternary sediments.  

 

 

      

Figure 3.2 General Geology of the Lake Chad Basin (After (Vassolo, 2012)). 
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3.4.2 Stratigraphy of Lake Chad Basin 

The stratigraphy of the Lake Chad basin comprises sediment deposits of varying ages tracing 

back from the Palaeozoic which is mostly arenaceous deposits, Lower Cretaceous that are of 

Continental Intercalaire arenaceous deposits, Middle Cretaceous of marine limestones, 

Continental Hamadien (Continental Intercalaire), Upper Cretaceous (Continental sandstone 

and Continental Terminal of lacustrine and deltaic river sediments of Mio-Pliocene age). These 

sediment deposits are overlaid unconformably on the Upper Cretaceous and Basement 

Complex (Avbovbo et al., 1986; Maduabuchi et al., 2006). The general stratigraphy of the Lake 

Chad basin consists of three sandy horizons that serves as aquifers which are separated by clays 

of varying diatomites. (Burke, 1976).  

3.5 Hydrogeology of Lake Chad Basin 

The Lake Chad Basin is covered mostly by Quaternary sands of different depositional origin 

(Vassolo, 2012). The Northern part of the basin has an Aeolic deposit with the presence of 

dunes while the southern part has Fluviatile, Lacustrine and Deltaic depositions that result in 

various sequences of thin layers of sand and clay with clayey soils being at the surface. The 

quaternary aquifer of the Lake Chad basin has some dissolved salts concentration in some areas 

above the permissible limits (Bouchez et al., 2016). The main source of groundwater in the 

Lake Chad basin is the Plio-Pleistocene Chad formation and the younger Quaternary sediments 

(Bakari, 2014; Maduabuchi et al., 2006).  

The Upper Pliocene aquifer has a thick clay layer of about 280 m that separates it from the 

lower Pliocene aquifer. Hydraulic conductivity of the Upper aquifer layer ranges from 1 to 100 

m day-1 (Lopez et al., 2016). The lower Pliocene aquifer is composed of sand and sandstone of 

30 m thick that is underlain by sandstones of 150 m of the Continental Terminal. The Lower 

Continental Terminal aquifer is confined with a thickness range of 100 to 200 m in the 

Continental Terminal formation (Avbovbo et al., 1986; Lopez et al., 2016). The Upper Pliocene 
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aquifer behaves as an aquitard because it is almost impermeable. This aquitard confines the 

sandstones of the Lower Pliocene and Continental Terminal from the upper Quaternary aquifer 

causing artesian conditions mostly in the central part of the basin (Lopez et al., 2016; Vassolo, 

2012). The upper aquifer has an approximate yield of 2.5 to 30 L/s. The yield of the middle 

aquifer is 24 to 32 L/s while the yield of the lower aquifer ranged from 10 to 35 L/s (Akujieze 

et al., 2003; Edet et al., 2012). 

Studies are lacking on the deepest sandstones and sands of cretaceous ages of the Continental 

Hamadien and Continental Interclaire because of limited data (Akujieze et al., 2003; Avbovbo 

et al., 1986; Edet et al., 2012; Vassolo, 2012). The upper unconfined aquifer receives recharge 

largely from precipitation and depositional characteristics of the aquifer. Some indirect 

recharges occur in the southern part of the basin from surface water percolation from flooded 

areas, rivers and lakes. The Lower Pliocene and Continental Terminal recharge takes place at 

their outcrops at the basin border or outside the basin (Avbovbo et al., 1986; Vassolo, 2012). 

Recharges of about 5 mm/a were estimated for the Mass®nya and Ya®r® swamps. Isotope study 

in the basin reveals the occurrence of direct recharge in the Northern part of the basin through 

the percolation of precipitation accumulated in the valleys between the dunes. Nonetheless, 

low tritium values from the isotopes study signify that recharges occurred in the past at least 

more than 60 years ago (Vassolo, 2012). Figure 3.3 shows the geology and the stratigraphy of 

the basin along section AA. 
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Figure 3.3 Geological Cross-section with depth, drawn along line AA between Maiduguri to 

the SW and Faya Largeau to the North East of the Lake Chad Basin (After (Schneider & Wolf, 

1992))  

 

3.6 General Geology and Stratigraphy of Komadugu-Yobe Basin 

3.6.1 The Geology of Komadugu-Yobe Basin 

The Komadugu-Yobe basin which is an integral part of Lake Chad Basin is categorized as a 

rift basin because of the presence of basement tensional force indicators and zigzag fault 

patterns and the absence of various comprehensive physical features (Avbovbo et al., 1986). 

The factors controlling the faults are the pre-existing line of weakness that developed during 

the Pan-African orogenic events or older lineaments (McCurry, 1971). The basin is underlain 

by basement complex rocks and sedimentary quaternary formations (Figure 3.4) (Bakari, 2014; 

Genthon et al., 2015).  
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3.6.2 The Geological Structure of Komadugu-Yobe Basin 

The Komadugu-Yobe basin consists of a structure that is predominantly faults and simple 

symmetrical folds, which are dominant mostly in the northeast-southwest trend. It is difficult 

to differentiate between intrusive rocks, buried hills and basement horsts in this basin because 

of the similarities in seismic reflection character (Avbovbo et al., 1986; Goes, 1999). The faults 

in the basin are mostly in the basement and result in grabens, horsts and other related features. 

High-angle faults are formed within the underlying sediment in the sub-basin because of the 

movement along these basement faults (Avbovbo et al., 1986; Obaje et al., 2004). The faults in 

the basin terminate below the regional angular unconformity that delimits the Cretaceous from 

Tertiary sedimentation in a cross-sectional view, while two major systems of faults are 

recognized namely: the laterally persistent northeast-southwest trending faults with a zigzag 

pattern characteristic of rift systems and the laterally persistent northwest-southeast trending 

faults that are numerically subordinate to the northeast-southwest trending faults in plan view 

(Freund & Merzer, 1976). The folds in the basin consist of simple and folded sediments that 

Figure 3.4 Geological Map of Komadugu-Yobe Basin 
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have low fold frequency and amplitude. The fold frequency decreases towards the northwestern 

part of the basin whereas the fold amplitude increases in the southeastern parts. The folds in 

the basin flatten with depth. Many normal faults found in the basement cut across the folds in 

various directions in the basin. These folds are restricted to a narrow zone in the deeper 

southeastern section of the basin (Avbovbo et al., 1986). 

3.6.3 Lithostratigraphy of Komadugu-Yobe Basin 

The Lake Chad basin together with the KYB is underlain by a monotonous, Quaternary, basin 

and the Chad formation. The sediments below these formations are exposed only at the 

southern edge of the basin where it merges with the neighbouring Benue trough (Avbovbo et 

al., 1986). The generalized stratigraphic description of the sediments in the Komadugu-Yobe 

Basin has been presented by Avbovbo et al., (1986), Obaje et al., (2004), Obaje, (2011), Lopez 

et al., (2016),  and Bura et al., (2018).  

The Chad Formation 

Chad Formation is the latest formation in the Komadugu-Yobe basin (Wali et al., 2020). The 

Chad formation present the uppermost Pliocene-Pleistocene formation comprising thick clays 

of fluviatile and lacustrine that separate three major bodies of sand which correspond to the 

upper, middle and lower aquifers having lenses of diameter of a few meters thick (Obaje et al., 

2004). Various colours of sand and clay layers range from yellow, brown, white and grey 

colours. Chad formation is made up of light grey colossal claystone, some minor sand and some 

infrequent pebbly horizon which indicate some ferruginization in the deposits (Ola-Buraimo & 

Abdulganiyu, 2017; Wali et al., 2020). 

Kerri-kerri Formation 

Kerri-Kerri formation is characterized by horizontal-laying to moderately plummeting basal 

conglomerate, sandstone, siltstone, grit and clay that are overlaid on the Maastrichtian Fika 
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Shale and Gombe Sandstone (Ola-Buraimo & Abdulganiyu, 2017; Wali et al., 2020). Various 

minerals found in this formation comprised zircon, rutile, kyanite, tremolite, pyroxene, 

tourmaline, staurolite, limonite, and hornblende, which originated from adjacent basement 

complex rocks and previous alluvial rocks (Adegoke et al., 1986; Ako & Osundu, 1986; Ola-

Buraimo & Abdulganiyu, 2017). The formation is confirmed to be of Paleocene age because 

of the occurrence of pollens Monocolpites marginatus and Spinizonocolpites baculatus (Wali 

et al., 2020).  

Bima Sandstone 

Bima sandstone is derived from the weathering of basement rocks, and it consists of a sequence 

of red sandstone and mudstone, which lies unconformably on the basement complex. This 

formation has Cenomanian age as it is the oldest stratigraphic unit in the Chad basin (Bura et 

al., 2018; Vassolo, 2012). The Bima sandstone has an average thickness range of 400 and 1000 

m below Kadzell and Kanem respectively (Lopez et al., 2016). The Gongila formation 

underlain the Bima sandstone (Obaje et al., 2004). 

Gongila Formation 

The Gongila formation is underlain by Bima sandstone. It consists of a deposit of thin to 

moderately thick interbeds of calcareous grey to dark shales and silty sandstone in a shallow 

marine environment (Obaje, 2011). An average thickness ranging from 0-800 m was recorded 

by Avbovbo et al., (1986) From seismic data for this formation. 

Fika (Shale) Formation 

The Fika (Shale) formation is composed of dark-grey to blue-black shale with sometimes 

glauconite, gypsum and fine-grained sandstone in the upper part of the formation (Bura et al., 

2018; Wali, Dankani, et al., 2020). Fika formation was dated as Turonian-Maastrichtian in age 

by Obaje, (2011). Obaje et al., (2004) posit that the Fika formation is a blue-black shale of 
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marine origin almost gypsiferous with intercalation of limestone. An average thickness of 430 

m was recorded from drilled wells by Obaje, (2011) while Avbovbo et al., (1986) recorded 

thicknesses ranging from 0-900 m in the basin.  

Gombe Formation 

The Gombe formation is characterised by intercalations of siltstones, claystones and shales. 

However, coal seam intercalations are not present in the upper Benue trough (Obaje et al., 

2004). The Gombe Sandstone is composed of cross-bedded sandstones and siltstone and is of 

Maastrichtian age. It also consists of alternating layers of grits and sandstone with a well-

developed cross-bedding (Bura et al., 2018). The Gombe Sandstone was deposited in an 

estuarine/deltaic environment during the Maastrichtian. However, the occurrence of this 

formation in any significant portion of the basin has been doubtful (Obaje, 2011). 

3.6.4 Hydrogeology of Komadugu-Yobe Basin 

The main sources of groundwater in the Komadugu-Yobe basin are the Plio-Pleistocene Chad 

formation and the younger overlying Quaternary sediments. The lithology of the Chad 

formation that varies lateral and vertically is essentially an argillaceous sequence in which 

minor arenaceous horizons occur (Edmunds et al., 2002). Groundwater resources in the 

Komadugu-Yobe Basin are derived from three prominent sandy aquifers of the Chad formation 

separated by thick clay layers namely: The upper, middle and lower aquifers (Bura et al., 2018; 

Edmunds et al., 1999). The upper aquifer varies from confined to semi-confined in a few places 

and mostly unconfined in many places whereas the Lower and the Middle aquifer are confined 

(Edmunds et al., 2002). The hydrogeological cross-section A-A of the Komadugu-Yobe basin 

is presented in Figure 3.5. 
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Figure 3.5 Geological cross-section showing various aquifers of Chad formation. 

 

Upper Aquifer 

The Upper aquifer is lake-margin deposits, deltaic sediments or alluvial fans and consists of 

interbedded sands and clays of between 5 to 12 m which has an extensive reservoir of about 

500,000 Km2, overlying most of the region. The Plio-Pleistocene sand and clays of the Chad 

formation (Upper aquifer) are overlain by the late Pleistocene dunes and have been reactivated 

at so many times. Water is available in this aquifer under phreatic conditions and occurs at an 

average depth of 40 to 110 m (Bura et al., 2018; Lopez et al., 2016). The upper aquifer has an 

approximate yield of 2.5 to 30 L/s (Akujieze et al., 2003). There is the occurrence of 

longitudinal dunes trending ENE-WSW of the late Pleistocene age in the southern part of the 

Komadugu Yobe basin that precedes the paranoid dunes (Manga dune system) of the Manga 

grasslands that overlies the alluvium (Akujieze et al., 2003; Edmunds et al., 2002). The 

interdune depressions host many saline lakes that are in hydraulic contact with the phreatic 

aquifer of the dune and occasionally with the deeper aquifer system of the Lake Chad basin 

(Edmunds et al., 1999). Annual grasses with some perennial grasses are the main vegetation 
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covers of the dunes. However, a few low shrubs are present such as Caloptris procera, 

Leptadenia pyrotechnica, and Acacia sp. Some of the ephemeral lakes in the region are used 

for traditional irrigation cropping and harvesting evaporate minerals where they are saline 

(Edmunds et al., 1999; Goni et al., 2001). 

Middle Aquifer 

The Middle aquifer underlies most of the basin area and extended to Niger, Chad and Cameroon 

which is separated by a thick argillaceous clay layer from the upper aquifer zone. This aquifer 

has an extremely variable composition of sands, sandy clay and clay materials which range 

from fine to very coarse-grained, poorly graded and mostly uncemented (Edmunds et al., 1999). 

The thickness of the aquifer increases slightly from north to east with 31 m being the maximum-

recorded thickness. Some of the predominant minerals present are quartz sand, feldspar, iron 

oxide and micas while carbonate presence was not reported (Bura et al., 2018; Edmunds et al., 

1999). This aquifer has a yield of 24 to 32 L/s (Akujieze et al., 2003). 

Lower Aquifer 

The lower confined aquifer previously known to occur in the Maiduguri area only has now 

been extended to the fringes of Lake Chad. This aquifer is composed of coarse-grained sands 

and gravels and occurs at an average depth of about 550 to 600 m and has a variable thickness 

of about 89 m in some areas of the basin (Barber & Jones, 1960; Bura et al., 2018; Edmunds et 

al., 1999). The yield of the lower aquifer is 10 to 35 L/s (Edet et al, 2012). 

3.7 Groundwater Recharge in Komadugu-Yobe Basin 

The Komadugu-Yobe Valley is one of the main areas through which the unconfined quaternary 

aquifer of the Lake Chad region receives recharges by deep percolation from rivers and 

wetlands (Le Coz et al., 2011). However, the aquifer recharge process and pollution hazard 

potential of the basin have been modified over the last three decades because of the extensive 
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irrigation farming within the Komadugu-Yobe valley (Le Coz et al., 2011). The shallow alluvial 

aquifer that underlies the Yobe floodplain receives recharge through various sources namely: 

seepage from river channels, infiltration of floodwater, infiltration of excess rainfall or a 

combination of all three sources (Carter & Alkali, 1996). Goes, (1999) argued that the 

infiltration of rainfall directly into the ground, infiltration of runoff through riverbeds and 

infiltration of water through inundated flood plains are the possible processes of groundwater 

recharge in Hadejia-Nguru Wetland and HadejiaïJamaôareïYobe River Basin. Sobowale et al., 

(2014) highlighted that the flooding of the Komadugu-Yobe River system is an important 

component of groundwater recharge in the Hadejia-Nguru Wetlands areas. Edmunds et al., 

(2002) estimated recharge rate of 14-49 mm/year in the Komadugu-Yobe Basin. Recharge of 

30 -60 mm/year was estimated by Carter & Alkali, (1996) In the Manga Grasslands of the 

North Eastern Nigeria. Groundwater ages in the middle and lower aquifers was estimated at 24 

to 18.6 thousand years (Bura et al., 2018; Edmunds et al., 1999). 
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4 Methodology 
 

This chapter highlights the materials and methods adopted in the whole thesis. The result 

section of the thesis was developed as a series of articles published in peer-reviewed journals 

(chapters 5-8).  Each chapter of the result section consists of an article with distinct detailed 

materials and methods section formatted according to the journal in which it was published. 

4.1 Research Materials 

4.1.1 Materials  

The following are the materials employed in this study to achieve the overall research 

objectives. 

- Global Positioning System (GPS) used for taking coordinate location of sampling 

locations during fieldwork.   

- Water dip meter used for measuring water level in wells, EC meter measures the pH, 

EC, TDS and water temperature in situ at each sampling location. 

- Digital HACK Alkalinity meter with Methyl Orange and Phenolphthalein indicator. 

- Containers (fetchers) and a sampling basin used for drawing out water from wells.  

- 50 ml polystyrene bottles for collecting groundwater samples.  

- Permanent markers used for labelling groundwater samples. 

- Cool boxes used for storing groundwater samples at ~4ÁC before transferring them to 

the refrigerator.  

- Ice boxes used for keeping groundwater samples at ~ 4ÁC in cool boxes. 

- Electric Sellotape for tying the cover of sampling bottles to prevent spillage of samples 

and entry of air into the sample container.  

- Field notebook and pen for recording values of physicochemical parameters and  
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- Concentrated nitric acid HNO3 for sample digestion.  

4.1.2 Data and Data Sources 

Data is the fundamental and essential element of any research. The main types of data used in 

this research were the groundwater data (for hydrogeochemical and stable isotope), and 

geospatial data (for geospatial analysis) derived from remote sensing and literature reviews. 

These datasets include groundwater samples collected from hand-dug wells, tube wells, and 

boreholes, as well as inventories obtained from two fieldwork campaigns during wet and dry 

seasons. The topographical maps of the study area were obtained from the Hadejia-Jamaôare 

River Basin Development Authority (HJRBDA). The geological data of the study area were 

sourced from the United States Geological Survey (USGS) database 

(https://certmapper.cr.usgs.gov/data/apps/world-maps/), while satellite imagery data, including 

Landsat 8 OLI (Operational Land Imager) and SRTM DEM (30Ĭ30), were acquired from Earth 

Explorer (https://earthexplorer.usgs.gov). Administrative boundary data were retrieved from 

DIVA-GIS (https://www.diva-gis.org/), and soil data were obtained from the FAO database 

(https://data.apps.fao.org/map/catalog/srv/eng/catalog.search?id=14116#/home). 

4.1.3 Software Used in the Research 

Various software used in this research are ArcGIS 10.8, GWB Geochemist Workbench 17.0, 

Excel, MiniTab and Origin Pro 23b. These software were used to analyze data, model 

groundwater, prepare maps and perform GIS and statistical analysis. A brief description of each 

software is presented below: 

¶ ArcGIS 10.8: ArcGIS is a web-based mapping commercial software used for creating, 

storing, editing, viewing, managing, manipulating and analyzing geographically 

referenced data. ArcGIS 10.5 was used in creating various geospatial analyses. 

https://certmapper.cr.usgs.gov/data/apps/world-maps/
https://earthexplorer.usgs.gov/
https://www.diva-gis.org/
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search?id=14116#/home
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¶ GWB Geochemist Workbench 17.0: The GWB package was originally developed at 

the Department of Geology of the University of Illinois at Urbana-Champaign. The 

Geochemistôs Workbench is software for manipulating chemical reactions, calculating 

stability diagrams and equilibrium states of natural waters, tracing reaction processes, 

modelling reactive transport, plotting the results of these calculations, and storing 

related data.  

¶ Microsoft Excel 2016: Microsoft Excel is a spreadsheet developed by Microsoft used 

to store, view, analyze, and create graphs and model numerical data. 

¶ Origin Pro 23b: This is used for scientific data analysis and graphing. It was used to 

prepare various graphs and figures and to perform data analysis of the groundwater 

quality parameters and multivariate statistical analysis.  

4.2 Research Methods  

4.2.1 Reconnaissance Survey 

A reconnaissance survey was conducted to have in-depth knowledge about the study area. It is 

a prerequisite to every field investigation. It was achieved through a walk-over survey, 

literature reviews, focus group discussions and so on. A detailed literature review, field visit, 

and several phone calls with the stakeholders in the Komadugu-Yobe basin provide detailed 

information on the geological and hydrogeological nature of the study area through which the 

various aquifers and their characteristics were deduced. Information about the hot spot areas 

and areas bedevilled with insecurity was explored which involved access areas by studying the 

basin topographic map to save cost and time and to come up with the best mapping and 

sampling method. During the reconnaissance survey, a visit was paid to the community leaders 

to enlighten them about the importance of the study and acquaint with the residents of the area 

and to enquire more about the security challenges in the area for proper development of risk 

assessment plan of the fieldwork and selecting sampling points and appropriate methods.  
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4.2.2 Sampling Strategy 

240 groundwater samples were collected over the spread of the transboundary Komadugu-

Yobe basin in two sampling campaigns (120 samples each) between August 2021 to November 

2021 (wet season) and March to April 2022 (dry season).  Figure 4.1 presents the 

methodological flow chart of the study. Three sets of groundwater samples were collected at 

each sampling point. The first sample was acidified with concentrated nitric acid for cation and 

PTEs analysis, and the second and the third samples were unacidified for anions and stable 

isotopes analysis respectively. The size of each sample is 50 ml, 5 sub-samples were collected 

at each sampling point, one unacidified for Isotope analysis, 2 acidified samples for cations 

and metals analysis, and 2 unacidified samples for anions analysis. The research study 

employed composite sampling methods due to the heterogeneity, security issues and 

contamination history in the basin.  The selective sampling for areas known to have 

groundwater pollution, ease of access sampling method was applied to areas with a history of 

insecurity, bad terrain and bad roads and random and grid sampling for areas with no history 

of groundwater water contamination and insecurity issues.  

The selective sampling approach was employed in areas around the downstream portion of the 

basin, including Bade, Yusufari, Nguru, Guri, Auyo, Hadejia, Borsari, Karasawa, and Jakusko, 

due to their history of groundwater pollution and water-related diseases. Similarly, selective 

sampling was used in areas around the Kano metropolis and the tertiary geologic formation 

near Potiskum, Danbuo, Misau, and Darazo, where pollution from industrial activities and 

dental fluorosis diseases are prevalent. For areas that are not secure and have poorly maintained 

roads, which pose risks such as car breakdowns or accidents, nearby locations with similar 

characteristics were sampled using an ease-of-access method, making the sample 

representative of both areas. Random and grid sampling methods were employed in 
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communities without a history of groundwater contamination to determine their general water 

chemistry, especially in areas located at the extreme upstream portion of the basin. 

Labelling of Samples: All samples collected were labelled using symbols and numbers. The 

sample bottles each were labelled SXA, SXB, and ISX where X represents the sample location 

number while A, B and IS represent the acidified samples for metals, normal samples for the 

major anions and IS for isotopes analysis respectively. 

Recording information: Information for each sampling point was documented in the field 

notebook such as the measured physical parameters, water level, date of sampling, name of 

sampling point, location coordinates and borehole depths, and various other auxiliary 

information. 

 

 

 

 



  

53 

 

 

 

 

 

 

Figure 4.1 Methodological Flow Chart. 

 

4.2.3 Fieldwork 

The first fieldwork was conducted from the 28th of August to the 1st of November 2021 during 

the wet season in Nigeria while the second fieldwork was conducted from 10th March to 7th 

April 2022.  Risk assessment forms for both wet and dry seasons in preparation for travelling 

to Nigeria and fieldwork were completed and approved (see Appendix C). The various data 

collected during the fieldwork are listed below; 
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- Well inventories (well type, well depth, depth to water level and Sampling Location 

coordinates)  

- Physicochemical measurement of total dissolved solids (TDS), electrical conductivity 

(EC), dissolved oxygen (DO), pH, redox potential (ORP/Eh), total alkalinity and 

temperature. 

- Water samples in 50 ml polystyrene bottles. 

4.2.3.1 Equipment Calibration 

All the portable handheld equipment was calibrated following the guidelines in the equipment 

manual at the Kano State water treatment plant before the start of field data collection and 

tested using raw water and standard solutions (Figure 4.2). Calibration was conducted in the 

presence of a research assistant to ensure the correct procedure was followed. Subsequently, 

the handheld equipment was calibrated each morning before measurements began and after 

multiple measurements in the field to ensure the collection of high-quality data. 
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Figure 4.2 Equipment calibration at Kano State water treatment plant before the start of field 

data collection. 

 

4.2.3.2 Field Measurement 

Groundwater from wells was pumped for 5 minutes to flush out debris and possible 

contaminants from the pipe surfaces. Water samples were then collected using a fetcher and 

transferred into a plastic beaker for physicochemical measurements. The sampler wore new, 

clean gloves before taking measurements at each location. Physicochemical parameters such 

as total dissolved solids (TDS), electrical conductivity (EC), temperature and Eh were 

measured using a digital conductivity meter, while dissolved oxygen was measured using a DO 

meter. The depths of the wells were measured with a water dip meter, and the coordinates of 

each sampling location were recorded using GPS (Figure 4.3). 
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Figure 4.3 Field measurement of physicochemical parameters. 

 

4.2.3.3 Groundwater Sampling 

A plastic bucket was rinsed with groundwater twice before being filled with the water. 

Afterwards, a 20 mL syringe was used to draw water from the bucket, which was then filtered 

through a 0.45 ɛm acetate cellulose syringe filter and collected in clean 50 mL polyethylene 

tubes. The tubes were sealed with electrical tape to ensure watertightness and to prevent 

leakage and possible cross-contamination of the sampled water. 

4.2.3.4 Sample Preservation, Storage and Transport 

Preservation of the samples began at the point of collection to prevent contamination and cross-

mixing. Samples intended for cation analysis were acidified with two drops of concentrated 

HNO  acid. All samples were stored at a temperature of around or below 4ÁC in a cooler box 

with ice packs and then transferred to a refrigerator. The water samples were wrapped in bubble 

wrap, packed in cool boxes with ice packs, and then couriered to the Civil and Environmental 

Engineering Laboratory, University of Strathclyde, Glasgow (Figure 4.4). 
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Figure 4.4 Wrapped groundwater samples in cool boxes before shipping to the Civil and 

Environmental Engineering Laboratory, University of Strathclyde, Glasgow. 

 

4.2.3.5 Quality Assurance/Quality Control  

The fieldwork was conducted according to standard methods to ensure that the quality of the 

results was not compromised. The following key steps were taken to maintain the appropriate 

level of quality control and ensure quality assurance: 

¶ The fieldwork was conducted by the standard operating procedures (SOP). 

¶ Equipment was calibrated daily before starting sampling and in between many batches 

of sample collections. The pH/Conductivity meter and DO meter were calibrated 

following the guidelines provided in the equipment manual. 
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¶ Protective gloves were worn and changed between each sampling location/collection, 

and equipment was rinsed with water at each sampling location to prevent cross-

contamination. 

¶ Samples were stored in cooler boxes with ice packs and refrigerated before being sent 

to the laboratory. 

¶ The accuracy of the chemical analysis was verified using the ionic balance error 

equation. 

¶ All field data were thoroughly checked before recording. 

¶ Multiple measurements were taken to ensure accuracy and precision in field 

measurements. 

¶ A two-person field team was used to facilitate double-checking of the field results. 

4.2.4 Laboratory Analysis 

The selection of chemical parameters for laboratory analysis in this study was guided by both 

analytical feasibility and financial constraints. Several potentially toxic elements (PTEs) were 

initially considered for analysis; however, they were found to be well below the detection limits 

in preliminary screenings. Therefore, these elements were excluded from further analysis to 

ensure a focus on quantifiable and relevant datasets. Moreover, rare earth elements (REEs) 

were also not included in this study due to financial constraints, as their analysis requires 

specialized analytical techniques, such as inductively coupled plasma mass spectrometry (ICP-

MS) which has a lower detection limit compared to Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES), which was beyond the available budget. Furthermore, 

biological analyses were not conducted due to financial limitations and concerns regarding 

potential sample contamination before shipping to the environmental laboratory of the 

University of Strathclyde Glasgow, United Kingdom. Chemical parameters such as Na, Ca, 
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Mg, K, As, Cd, Fe, Pb, Mn, Cr, Zn, Cu, Co, Ni Cl, F, SO , HCO3, and NO  were chosen in this 

study to ensure the collection of high-quality relevant data which aligns with the objectives of 

the study and available research budget. 

4.2.4.1 Cations Analysis 

The concentrations of various cations and trace elements in 240 groundwater samples, collected 

during both wet and dry seasons, were analyzed using Inductively Coupled Plasma-Optical 

Emission Spectroscopy (ICP-OES, iCAP 6200, Thermo Fisher Scientific) (Chapter 5, 6 & 7) 

(Figure 4.5). The cations and PTEs analyzed included Na, Ca, Mg, K, As, Cd, Fe, Pb, Mn, Cr, 

Zn, Cu, Co, and Ni. The filtered, acidified, and preserved groundwater samples in 50 mL tubes, 

collected from various hand-dug wells and boreholes in the basin, were used for the analysis. 

A 15 mL portion of each sample was transferred into 15 mL centrifuge tubes for cations 

analysis. Samples with concentrations above the highest calibration range were diluted and 

recorded accordingly. The various solutions prepared throughout the cation analysis procedure 

are presented below: 

1. A 2% HNO  solution was prepared initially and used to obtain a four-point calibration 

curve. 

2. A 5 ppm Yttrium (Yį ) solution was prepared and used as an internal standard. 

3. Calibration blank samples were used for calibration to assess any element carryover 

effects. 

4. Water quality control samples were prepared and analyzed after every 20 samples to 

monitor instrument performance. 

5. Samples with concentrations exceeding the highest standard were diluted to fit within the 

linear calibration curve. 
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4.2.4.2 Anions Analysis 

The anions analyzed included Cl, F, SO , and NO. The concentrations of these anions in 240 

groundwater samples, collected during both the wet and dry seasons, were determined using 

Ion Chromatography (IC) (Chapters 5, 6, & 7). 

Sample Preparation and Standard Solutions 

The filtered and refrigerated groundwater samples were transferred into Peak IC Autosampler 

sample tubes (12 mL polystyrene, Metrohm) (Figure 4.5). Samples with dissolved ion 

concentrations exceeding the highest calibration standards were diluted with ultrapure water to 

fit within the linear calibration curve. Ultrapure water with a resistivity of 18.2 Mɋ cm ĭ was 

used for cleaning containers and tubes and for preparing stock standard solutions, from which 

standard solutions of 0.1, 1, 5, and 10 ppm of various analytes were prepared for calibration. 
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Figure 4.5 Laboratory analysis of major ions and PTEs. 

IC Analysis 

The equipment used for the analysis included a pre-column (Metrosep A Supp 5 Guard/4.0), a 

separator (analytical) column (Metrosep A Supp 5), a Metrohm Suppressor Module (MSM), a 

Metrohm CO  Suppressor (MCS), an electrical conductivity detector (Microprocessor-

controlled Digital Signal Processing, DSP technology), eluent and sample degassers, and an 

autosampler (858 Professional Sample Processor) with a 2-channel peristaltic pump. A 
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Metrohm 850 Professional IC system was employed to analyze six inorganic anions (fluoride, 

chloride, nitrate, and sulfate) in the water samples simultaneously using a single-column, 

chemically suppressed IC technique at the Civil and Environmental Engineering Laboratory, 

University of Strathclyde. The equipment was equilibrated for at least 30 minutes before each 

run, with electrical conductivity and anion pump pressure monitored throughout. Sample 

analysis was conducted using the IC system within an acceptable range of pressure and 

conductivity. A 10 mL portion of each sample was placed into centrifuge tubes and loaded onto 

the IC system for analysis. The analytes were separated by pumping a mobile phase (eluent) of 

1 mM sodium bicarbonate and 3.2 mM sodium carbonate at a flow rate of 0.7 mL/min. The 

concentrations of the ions present in the water samples were determined using MagIC Net 

software (Version 3.3) by calculating the peak areas. 

4.2.4.3 Bicarbonate Alkalinity 

The alkalinity of the water samples was determined using a titration technique with a HACH 

digital titrator (Model: 16900, HACH International) and 1.6 N and 0.16 N H SO  cartridges 

(Figure 4.6). 
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Figure 4.6 In situ measurement of alkalinity using a HACK digital titrator (Model: 16900, 

HACH International). 

 

Various materials used are; 

1. Digital titrator 

2. Stir bar  

3. Deionized water  

4. Buffers (4.01 and 7.00)  

5. 0.16 N sulfuric acid cartridge  

6. 1.6 N sulfuric acid cartridge  

7. Phenolphthalein indicator powder pillow  

8. Bromocresol green-methyl red indicator powder pillow  

9. 150 ml glass beaker  
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10. 100 ml graduated cylinder  

The sulfuric acid cartridge was placed in the HACH digital titrator, and the delivery tube was 

carefully connected. The titrant was then forced out of the delivery tip to expel any trapped air 

bubbles within the tube. Before starting the titration, potential leaks at the connection between 

the tip and cartridge were checked, and the tube was rinsed with deionized water. The 

equipment counter was then reset to zero. 

Sample preparation 

The preparation of the samples began by grouping them based on their total dissolved solids 

(TDS) levels to guide the selection of the appropriate titrant molarity. Two groups were created: 

Group 1 and Group 2. Samples with TDS values below 40 mg/L were placed in Group 1, while 

Group 2 contained samples with TDS values greater than 40 mg/L. Group 1 samples were 

titrated with 0.16 M H SO , while 1.6 M H SO  was used for titrating group 2 samples. 

Procedure 

The steps followed during the titration were as follows. 

1. A volume (V) in mL of the water sample was added to a 150 mL glass beaker. 

2. A phenolphthalein indicator powder pillow was added to the beaker containing the 

water sample. 

3. Starting with the titrator reading at zero, the titrant was gently added to the sample until 

the solution turned colourless, and the reading was recorded as "A," representing the P-

alkalinity. 

4. One pillow of bromocresol green-methyl red indicator was added to the solution. 
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5. The titrant was then added to the sample at the phenolphthalein endpoint until a slight 

colour change from green to pink was observed, and this reading was recorded as "B," 

representing total alkalinity. 

The concentration of alkalinity was calculated using the following empirical relations: 

- The Phenolphthalein Alkalinity was calculated as: 

CaCO3 alkalinity (mg/l) = Multiplier × Total digit used. 

- The Bromocresol green-methyl red alkalinity was calculated as: 

 

             CaCO3 total alkalinity (mg/l) = Multiplier ĬTotal digit used. 

 

Let the CaCO3 alkalinity (mg/l) = X  

CaCO3 total alkalinity (mg/l) =Y  

and bicarbonate alkalinity = Z 

Therefore.  

Hydroxide alkalinity = 2X ï Y and total alkalinity = X +Y+Z. 

Z = Total alkalinity ï (X+Y) = Bicarbonate alkalinity. 

4.2.5 ArcGIS Analysis 

The spatial distribution of various water quality parameters was created using ArcGIS 10.8 by 

applying the inverse distance weighting (IDW) method. The generated spatial maps were 

classified using the manual classification option in ArcGIS (Chapters 5, 6, 7 & 8). The soil and 

geological maps of the basin were derived by clipping the basin's shapefile from the world 

digital soil map and the geological map of West Africa.  
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 4.2.6 Geochemical Modelling 

Various geochemical modelling techniques were employed in this study, including a 

combination of box plots, Piper diagrams, Chadha plots, Gibbs diagrams, saturation indices 

modelling, chloralkaline indices, and Eh-pH plots (Pourbaix diagrams (Chapter 7)). Box plots 

were primarily used to analyze the distribution of ions and compare them with World Health 

Organization guidelines for drinking water quality. The Piper diagram and Chadha plots 

facilitated the identification of different groundwater types and patterns of geochemical 

evolution. Gibbs plots, scatter plots, Pourbaix diagrams, and saturation indices analysis were 

used to model the geochemical mechanisms governing groundwater chemistry and the 

speciation of various ions/PTEs within the groundwater systems (Chapters 5, 6, & 7). 

4.2.7 ŭ18O and ŭ2H Isotopes analysis 

The stable isotopes ŭĭO and ŭĮH of the groundwater samples were analyzed at the International 

Atomic Energy Agency (IAEA) isotope laboratory in Vienna and the Ministry of Agriculture, 

irrigation, and Water Development isotope laboratory in Blantyre, Malawi. Groundwater 

samples from both wet and dry seasons labelled ISX (where X represents the sampling 

locations), were shipped to the laboratory in a cool box, maintained at a temperature below 

4ÁC, for isotope analysis. The methods for isotope water sampling and analysis described by 

Banda et al., (2019) were adopted for the groundwater samples from the Komadugu-Yobe 

Basin. The isotopic interpretation was conducted using bivariate ratio plots of ŭĭO vs. ŭĮH, D-

excess vs. ŭĭO, and geospatial analysis of the stable isotope dataset of groundwater. The 

analysis involved comparing the regression lines of the samples to both global and regional 

meteoric water lines. The Global Meteoric Water Line (GMWL), defined as ŭĮH = 8ŭĭO + 10, 

as established by Craig, (1961) and the Regional Meteoric Water Line (RMWL), derived from 

rainfall datasets from three local and four regional stations, were used for this comparison 

(Chapter 8). The isotopic results were then compared with datasets from five major basins 



  

67 

 

within the Sahel region of West Africa. This approach enabled a comprehensive interpretation 

of isotopic signatures, including groundwater recharge zones, the altitude effect, evaporation, 

and vapour sources in the basin and the wider Sahel region. 
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5 Hydrogeochemistry and Water Quality Index for Groundwater 

Sustainability in Komadugu-Yobe Basin, Sahel Region1 

 

5.1 Preface 

This chapter presents the first research chapter of the thesis. 120 groundwater samples were 

collected from the Komadugu-Yobe basin during the wet season of 2021 and analyzed to assess 

the general hydrogeochemical characteristics of groundwater and its suitability for drinking 

purposes. This chapter categorically sets out the basic foundational background for subsequent 

chapters by evaluating the general hydrogeochemistry of groundwater in the basin. Currently, 

there is limited comprehensive research on the evaluation of groundwater quality that combines 

hydrogeochemical analysis, water quality index (WQI), and GIS-based approach in a more 

regional context over the entire basin. This chapter specifically addressed this knowledge gap.  

This chapter was written to fulfil research question one (RQ1): What are the general 

hydrochemical characteristics of groundwater in KYB and its suitability for drinking purposes? 

This was achieved by first collecting groundwater samples spreading the entire Komadugu-

Yobe basin and analysing them for major ions using ICP-OES for cations and IC for anions 

and employing a methodology that integrates hydrogeochemical characterization, water quality 

index and geospatial analysis to identify the general hydrogeochemical characteristics of 

groundwater in the basin. In achieving this, some research gaps are identified (SO1, SO2, SO3, 

and SO4). Furthermore, it compares various groundwater quality parameters with the WHO, 

2018 guideline to determine the suitability of the groundwater for drinking purposes (SO1). It 

also established the link between geology and hydrochemical characteristics, groundwater 

facies and groundwater quality index over the entire basin (SO4). 

 This chapter is a peer-reviewed published article within the special issue of MDPI journal 

water óEffect of climate change and anthropogenic activities on groundwater resources ó. 
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5.2 Abstract  

The assessment of hydrochemical characteristics and groundwater quality is crucial for 

environmental sustainability in developing economies. This study employed 

hydrogeochemical analysis, geospatial analysis, and groundwater quality index to assess 

hydrogeochemical processes and the quality of groundwater in the Komadugu-Yobe basin. The 

pH, total dissolved solids (TDS), and electrical conductivity (EC) were assessed in situ using 

a handheld portable electrical conductivity meter. The concentrations of the major cations (Na, 

Ca, Mg, and K), were analyzed using inductively coupled plasma optical emission 

spectroscopy (ICP-OES). The major anions (chloride, fluoride, sulfate, and nitrate) were 

analyzed via ion chromatography (IC). Total alkalinity and bicarbonate were measured in situ 

using a HACH digital alkalinity kit by the titrimetric method. Hydrochemical results indicate 

some physicochemical properties of the groundwater samples exceeded the maximum 

permissible limits as recommended by the World Health Organization guidelines for drinking 

https://doi.org/10.3390/w16040601
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water. Gibbs diagrams indicate rockïwater interaction/rock weathering processes are the 

dominant mechanisms influencing groundwater chemistry. Groundwater is predominantly Ca-

Mg-HCO3 water type, constituting 59% of the groundwater samples analyzed. The 

groundwater quality index (GWQI) depicted 63 and 27% of the groundwater samples as 

excellent and good water types for drinking purposes, respectively. This study further relates 

the interaction between geology, hydrochemical characteristics, and groundwater quality 

parameters. The results are essential to inform a sustainable management strategy and 

protection of groundwater resources. 

Keywords 

Groundwater sustainability; geospatial analysis; water quality index;  

groundwater evolution; sustainable development goal 6 (SDG6) 

5.3 Introduction 

Safe and sustainable freshwater resources are essential for socio-economic development and 

the well-being of humanity. Freshwater is vital for drinking, agriculture, sanitation, fisheries, 

hydropower generation, livestock farming, and recreation (Ganiyu et al., 2021; Kawo & 

Karuppannan, 2018; Namara et al., 2010; Solangi et al., 2020). The main source of water supply 

in most developing economies is groundwater from shallow wells (Ganiyu et al., 2018, 2021; 

Kawo & Karuppannan, 2018; Li et al., 2010; Loh et al., 2020; Mostafa et al., 2017; Rivett et 

al., 2018; Trabelsi & Zouari, 2019). The semi-arid to arid North-East region of Nigeria relies 

heavily on groundwater for various uses (Goes, 1999; Goni et al., 2019; Jagaba et al., 2020; 

Wali et al., 2021). Consequently, it is crucial to ascertain the adequacy of the groundwater in 

terms of both quantity and quality for sustainable use and management in order to realize 

Sustainable Development Goal 6 (SDG6). However, impacts of anthropogenic activities 

pollute groundwater in Nigeria (Balogun et al., 2022; Ocheri et al., 2014; Stephen et al., 2017). 
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Various human activities such as excessive use of synthetic fertilizer and manure for irrigation 

purposes, dumping of solid wastes in rivers, leachate from dumpsites, septic tanks, and pit 

latrines pollute groundwater in the Komadugu-Yobe basin (Wali et al., 2020). Thus, the quality 

of the groundwater determines its usability (Masood et al., 2021; Omonona et al., 2019). 

Groundwater hydrogeochemical analysis provides an in-depth understanding of hydrochemical 

characteristics and the overall quality of groundwater (Ezugwu et al., 2019; Nalami et al., 2019; 

Omonona et al., 2019; Wagh et al., 2019; Xiao et al., 2022). The chemistry of groundwater is 

influenced by geological characteristics, the extent of chemical weathering of different rock 

formations, rockïwater interaction, dissolution rates of various minerals, and the quality of the 

water that recharges the groundwater system (Adimalla et al., 2018; Kalin and Long, 1993; 

Kalin, 1995; Li et al., 2010; Marini, 2006). Water quality is assessed and monitored using 

hydrogeochemical and statistical analysis, as well as the estimation of water quality indices 

(Ahmed et al., 2019; Marini, 2006). The statistical analysis employed in water quality 

assessment elucidates the relationships between different water quality parameters. The water 

quality index (WQI) uses water quality parameters to represent the impact of geogenic and 

anthropogenic activities on overall water quality (Ahmed et al., 2019; Egbueri et al., 2020; 

Mgbenu & Egbueri, 2019; Solangi et al., 2020; Tiwari et al., 2017; Vaiphei et al., 2020; Wagh 

et al., 2019). Many researchers employed the WQI in water quality studies because of its 

flexibility, adaptability, and simplicity in groundwater quality assessment and monitoring 

(Adimalla & Taloor, 2020; Aladejana et al., 2021; Ezugwu et al., 2019; Kawo & Karuppannan, 

2018; Olasoji et al., 2019; Qasemi et al., 2023; Xiao et al., 2022). The WQI is also used to 

communicate water quality analysis results in a numerical format for easy communication and 

presentation to stakeholders, the general public, and government institutions (Aladejana et al., 

2020; Olasoji et al., 2019; Qasemi et al., 2023). 
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A geographical information system (GIS) provides the spatial framework for evaluating water 

resource changes in space and time, such as water quality and quantity assessment, water 

pollution risks, and vulnerability mapping at both local and regional levels (Mgbenu & Egbueri, 

2019; Panneerselvam et al., 2020; Trabelsi & Zouari, 2019). GISs are widely used for 

developing groundwater quality maps, which are essential for managing groundwater for 

various uses (Kawo & Karuppannan, 2018; Solangi et al., 2020; Vaiphei et al., 2020). They are 

cost-efficient and transform large hydrochemical datasets into spatial information 

(Panneerselvam et al., 2020; Trabelsi & Zouari, 2019). Geospatial techniques including inverse 

distance weight (IDW), Kriging, Spilain, and Cokriging interpolation algorithms in ArcGIS, 

are used to interpret the distribution of water quality parameters (Adimalla & Taloor, 2020; 

Aladejana et al., 2020; Panneerselvam et al., 2020; Solangi et al., 2020; Vaiphei et al., 2020). 

The IDW method is commonly employed as it uses a deterministic model approach (Adimalla 

et al., 2018; Adimalla & Taloor, 2020; Kawo & Karuppannan, 2018; Machiwal et al., 2018; 

Panneerselvam et al., 2020; Trabelsi & Zouari, 2019; Vaiphei et al., 2020; Wagh et al., 2019). 

Management of the water quality is needed for ecosystem health (Ezugwu et al., 2019; Ganiyu 

et al., 2018) and is critical for environmental quality management (Aladejana et al., 2021). 

However, access to sufficient quantities of water of adequate quality for the people can be 

limited, particularly in arid and semi-arid parts of developing countries (Ezugwu et al., 2019; 

Sebei et al., 2018). Assessment of the quality of available groundwater is essential for proper 

management and utilization. The quality of groundwater is influenced by various factors 

including subsurface hydrogeochemical processes, soil characteristics, seasonal variations, 

natural and anthropogenic activities, climate change, and groundwater recharge processes 

(Adimalla & Taloor, 2020; Masood et al., 2021; Rivett et al., 2019). Moreover, municipal solid 

waste, industrial wastewater, and domestic wastewater impact groundwater quality (Al-Jawad 
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et al., 2019; Jagaba et al., 2020). Ganiyu et al., (2018) indicated that WHO estimates 80% of 

human diseases resulted from poor water quality. 

Previous studies within the Komadugu-Yobe basin did not focus on detailed geochemical 

assessments of the groundwater, though some local studies have been published (Bernard & 

Ayeni, 2012; Hamidu et al., 2021; Jagaba et al., 2020; Mahammad & Islam, 2021; Suleiman et 

al., 2020; Usman & Aliyu, 2020). To date, there have been no wide-ranging studies on 

groundwater quality assessment that integrate hydrogeochemical analysis, WQI, and GIS-

based techniques. This study specifically addressed this knowledge gap. This study aims to 

provide information valuable to stakeholders, government institutions, and decision-makers 

involved in the sustainable management of groundwater resources in Nigeria and the wider 

Sahel region. 

5.4 Materials and Methods 

5.4.1 Study Area Setting 

The Komadugu-Yobe basin is situated in the southwestern region of the greater Lake Chad 

basin. It covers a significant portion of the northwestern and northeastern parts of Nigeria 

within the Sahel region of Africa (Figure 5.1). The basin covers an approximate area of about 

150,000 km2, with an elevation of 294 to 1750 m above the mean sea level. The Komadugu-

Yobe and Komadugu-Gana sub-systems are the primary rivers within the basin. These rivers 

pass through the Hadejia Nguru wetland before ultimately draining into Lake Chad (Adeyeri 

et al., 2019; Goes, 2002; Waziri & Ogugbuaja, 2010). 
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Figure 5.1 Groundwater sampling location, geology type, and electrical conductivity (EC) 

concentration in Komadugu-Yobe basin. 

 

The basin has a semi-arid and arid climate characterized by severe drought and high rainfall 

variability. The wet season in the basin commences in May and extends through September 

and October, with the highest rainfall occurring in the month of August. The dry season spans 

from October to April (Ahmed et al., 2018b). The mean annual rainfall in the basin varies from 

a maximum of 1360 mm in Jos and 900 mm at Kano to a minimum of 600 mm and 400 mm 

around Hadejia and Nguru, respectively. The humidity in the basin is about 40%, and the annual 

evapotranspiration rate is 203 mm/year ( Ahmed et al., 2018b; Waziri & Ogugbuaja, 2010). 

The basin has higher evaporation rates at the downstream section due to the high temperature. 

The annual maximum temperatures are recorded between March and April in the basin at 40 
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ǓC with a temperature of around 12 ǓC recorded in the months of December and January. The 

Komadugu-Yobe basin presently houses more than 20 million people. The wetlands in the 

Komadugu-Yobe basin provide the inhabitants residing in the basin with various economic 

activities such as fish production, pastoralism, forestry, trading, and agriculture (Adeyeri et al., 

2019). The basin is dominated by dense grasslands, shrubs, and scattered tree-type vegetation 

(Adeyeri et al., 2020). 

5.4.2 Regional Geology and Hydrogeology 

The Komadugu-Yobe basin is a rift basin resulting from basement tensional forces, with a 

zigzag fault pattern and the absence of other comprehensive physical features (Avbovbo et al., 

1986). Several factors influence the occurrence of faults including the presence of pre-existing 

lines of weakness formed during the Pan-African orogenic event (McCurry, 1971). The basin 

is underlain by basement-complex rocks and sedimentary quaternary formations (Figure 5.1). 

The main geological structures in the basin are faults and simple symmetrical folds that are 

predominant in a northeastïsouthwest trend. The faults are dominant in the basement section 

and result in grabens, horsts, and other related features. Some high-angle faults are formed 

within the underlying sediment in the sub-basin because of the movement along these basement 

faults (Avbovbo et al., 1986). However, the folds in the Komadugu-Yobe basin comprise simple 

and folded sediments with low fold frequency and amplitude that flatten with depth. The 

frequency of folds decreases towards the northwestern part of the basin, while the fold 

amplitude increases in a southeast direction. The stratigraphic sequence of the sediments in the 

Komadugu-Yobe basin was presented by Avbovbo et al., (1986), Obaje et al., (2004), Obaje, 

(2011), Lopez et al., (2016), and Bura et al., (2018).  

The quaternary Chad formation is the most recent formation in the basin, a Pliocene- 

Pleistocene deposit with thick clays of fluviatile and lacustrine origin. It consists of light gray 

claystone, minor sand, and some infrequent pebbly horizons that exhibit ferruginization in the 
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deposits (Bura et al., 2018; McCurry, 1971; Wali et al., 2020). The Keri-Keri formation is 

characterized by conglomerate, siltstone, grit, sandstone, and clay that overlie the Maastrichtian 

Fika Shale and Gombe Sandstone. This deposit contains minerals such as zircon, tremolite, 

pyroxene, rutile, staurolite, kyanite, tourmaline, limonite, and hornblende (Adegoke et al., 

1986; Bura et al., 2018; Ola-Buraimo & Abdulganiyu, 2017). The Bima sandstone is situated 

above the Gongila formation. It is derived from the weathering of basement rocks and consists 

of a sequence of red sandstone and mudstone (Bura et al., 2018; Wali et al., 2020). The Gongila 

formation is characterized by the presence of substantial layers of calcareous grey to dark 

shales and silty sandstone, which were deposited in a marine setting. Furthermore, the Fika 

formation consists of dark grey to blue-black shale. It has been dated as Turonian-Maastrichtian 

in age by Obaje, (2011). The upper part of the formation infrequently has glauconite, gypsum, 

and fine-grained sandstone (Bura et al., 2018). 

The Plio-Pleistocene Chad formation and the younger underlying Quaternary sediments are the 

primary groundwater-bearing units in the basin. Groundwater supply in the basin is provided 

by the upper, middle, and lower aquifers of the Chad formation, which are separated by thick 

clay layers. The lower and intermediate aquifers are mostly confined, whereas the upper aquifer 

is mostly unconfined or partially confined in a few locations (Bura et al., 2018; Edmunds et al., 

1999, 2002; Lopez et al., 2016; Vassolo, 2012). According to Akujieze et al., (2003), a yield of 

2.5 to 30 L/s is common in the upper aquifer. The yield of the middle and lower aquifers ranges 

from 24 to 32 L/s and 10 to 35 L/s, respectively (Akujieze et al., 2003; Edmunds et al., 1999). 

The Komadugu-Yobe Valley serves as the main source of recharge for the unconfined Lake 

Chad quaternary aquifer, mostly through percolation and wetlands. The processes of aquifer 

recharge and pollution hazard potential have been impacted due to extensive irrigation farming 

practices within the basin (Edet et al., 2012; Le Coz et al., 2011). The alluvial aquifer located 

beneath the Yobe floodplain undergoes recharge through various mechanisms, including 
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seepage from the river channel, infiltration of floodwater, and surplus rainfall. These sources 

act alone or in combination to replenish the aquifer (Goes, 1999; Le Coz et al., 2011). Carter 

& Alkali, (1996) estimated a recharge of 30ï60 mm/year around the Manga grasslands of 

northeastern Nigeria. Moreover, recharge of 14ï49 mm/year was estimated by Edmunds et al., 

(2002) in the Komadugu-Yobe basin. 

5.4.3 Groundwater Sampling and Field Measurement 

A total of 120 groundwater samples were collected from shallow hand-dug wells and boreholes 

within the Komadugu-Yobe Basin from August to October 2021. The groundwater sampling 

location is shown in Figure 1. The groundwater sampling was preformed following the standard 

procedure (APHA, 2012). Groundwater was pumped out of the source for 5 min to flush 

standing water in the borehole before sampling. Sampling was conducted using 50 mL 

polyethylene bottles. Samples for cations were filtered using a 0.45ɛm acetate cellulose syringe 

filter and acidified with 0.4 mL of concentrated nitric acid (HNO3
-). Remaining samples were 

filtered using a 0.45 ɛm acetate cellulose syringe filter. Samples were sealed to avoid air 

exposure and stored in ice-packed coolers to maintain a temperature of ~4 ǓC. The samples 

were shipped to the Department of Civil and Environmental Engineering Laboratory, 

University of Strathclyde, Glasgow for further analysis. The pH, electrical conductivity, and 

total dissolved solids were measured in situ with a potable digital electrical conductivity meter 

(Model 99720 pH/Conductivity meter). The water depth was measured with a dip meter, while 

the geographic coordinates of each sampling location were recorded using a handheld Global 

Positioning System (GPS). 

5.4.4 Laboratory Analysis 

Groundwater samples were analyzed following the standard procedure given by the American 

Public Health Association (APHA, 2012). A total of 15 mL of groundwater sample was 

collected in a 15 mL centrifuge tube from 120 samples (acidified) each and analyzed using 
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inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP 6200; Thermo 

Fisher Scientific) for analysis of the major cations (Na+, Ca2+, Mg2+, K+). Ion chromatography 

(Metrohm 850 Professional IC) was used to analyze the concentration of the major anions (Clī, 

Fī, SO4
2ī, NO3

ī) in the groundwater samples. The total alkalinity was analyzed in situ using 

titration with the HACH digital titrator (Model 16900; HACH International, Loveland, CO, 

USA). 

5.4.5 Accuracy of Chemical Analysis 

The ionic balance error (IBE) shown in Equation (5.1) was employed to check the accuracy of 

the chemical analysis: 

where IBE denotes the ionic balance error; c and a denotes the sum of cations and anions 

concentrations in milliequivalents per liter (meq/L). The standard threshold limit for the IBE% 

is Ñ10. The IBE of the analyzed groundwater samples was between ī8.45 and 8.64%. 

5.4.6 Geospatial Analysis 

ArcGIS 10.8 was used to develop the spatial distribution maps of various groundwater quality 

parameters and the groundwater quality index. The IDW interpolation approach was used to 

develop the spatial distribution maps in the spatial analyst toolbox of ArcGIS. This method was 

used because it follows a deterministic model approach and fits well with real-world parameters 

(Adimalla & Venkatayogi, 2018; Kawo & Karuppannan, 2018; Vaiphei et al., 2020). 

5.4.7 Groundwater Quality Index 

The groundwater quality index (GWQI) is a quantitative measure used to determine the 

suitability of groundwater for human consumption. It involves the aggregation of various water 

quality characteristics into a single index using mathematical summation (Adimalla et al., 

ὍὄὉϷ  
В  В

В  В
ρππ                                                                         5.1 
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2018; Aladejana et al., 2021; Kawo & Karuppannan, 2018). It is used to elucidate trends in 

water quality over time. The approach has gained acceptance worldwide and has been 

employed in assessing the suitability of groundwater for drinking purposes in various regions 

(Adimalla et al., 2018; Adimalla & Taloor, 2020; Aladejana et al., 2021; Kawo & Karuppannan, 

2018). 

Groundwater quality index computation involves four main steps: weight assignment for each 

groundwater quality parameter, relative weight computation, water quality rating scale 

computation for each parameter, and computation of the sub-index and groundwater quality 

index as follows: 

Å Assigning a weight for each groundwater quality parameter: Weights (wi) were assigned to 

various water quality parameters based on their relative importance to human consumption 

(Adimalla & Taloor, 2020). Nitrates and fluorides were given the highest weight of 5 due to 

the vital role they played in groundwater quality evaluation and their significant human health 

impacts (Aladejana et al., 2021; Vaiphei et al., 2020). Sodium and potassium were given the 

least weight because they are less significant in groundwater quality assessment. Table 5.1 

shows the weights assigned to each groundwater quality parameter. 

Å Computation of relative weight: Equation (5.2) below was used to calculate the relative 

weight (Wi): 

where Wi is the relative weight; wi denotes the weights assigned for each parameter; n denotes 

the total number of quality parameters; and i is the ith parameter. 

Å Water quality rating scale: The rating scale (qi) for each parameter was computed by dividing 

the determined concentration of each parameter (ci) and its respective water quality standard 

ὡὭ  
В

  5.2 
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(Si) recommended by World Health Organization (WHO, 2018) all multiplied by 100. The qi 

for all the parameters was computed using Equation (5.3) below: 

 

where qi denotes the quality rating; ci denotes the concentration of each groundwater quality 

parameter in mg/L; and Si is the WHO guideline value for each parameter. 

Å Sub-index and groundwater quality index computation: The sub-index (SIi) for each 

parameter and overall groundwater quality index (GWQI) were calculated using Equations 

(5.4) and (5.5): 

ὛὍὭὡὭ ήὭ  5.4 

ὋὡὗὍ В ὛὍὭ  5.1 

  

where SIi denotes the sub-index of the ith water quality parameter; qi denotes the quality rating 

of the ith parameter; n is the total number of water quality parameters; and GWQI is the overall 

groundwater quality index. The groundwater was classified based on portability in Table 5.2. 
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Table 5.1 Groundwater quality parameters weighing for groundwater quality index 

computation. 

 

Table 5.2 Groundwater quality index. 

 

 

 

 

Parameters Units WHO (WHO, 2018) Weight (wi) Relative Weight (Wi) 

pH / 6.5ï8.5 4 0.095 

TDS mg/L 1000 5 0.119 

TH mg/L CaCO3 500 3 0.071 

Na+ mg/L 200 2 0.048 

K+ mg/L 12 2 0.048 

Ca2+ mg/L 75 3 0.071 

Mg2+ mg/L 50 3 0.071 

Clī mg/L 300 4 0.095 

HCO3-  mg/L 250 3 0.071 

SO4
2ī mg/L 250 3 0.071 

NO3
ī mg/L 50 5 0.119 

Fī mg/L 5 5 0.119 

      ύὭ τς ὡὭ ρ  

Range of GWQI Class of Water Number of Samples  % of Samples 

<50 Excellent Water 76 63 

50ï100 Good Water 32 27 

100ï200 Poor Water 12 10 

200ï300 Very Poor Water / / 

>300 Unsuitable / / 
 Total 120 100 
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5.4.8 Hydrochemical Analysis 

The water types, hydrochemical facies, and geochemical mechanisms controlling the chemistry 

of groundwater in the Komadugu-Yobe basin were identified using the Piper trilinear diagram, 

Chadha plot, and the Gibbs diagrams. The Piper diagram was developed using the Geochemist 

Work Bench (GWB) software 17.0. The Gibbs diagram and the Chadha plot were developed 

using Origin Pro 2022. These diagrams have been widely used by several researchers (Adimalla 

& Taloor, 2020; Vaiphei et al., 2020) to understand the various principal mechanisms 

controlling groundwater chemistry. The Gibbs diagrams are based on two ratios and are 

calculated using Equations (5.6) and (5.7): 

 
 
Ionic concentrations in meq/L. 

 

5.5 Results and Discussion 

Groundwater quality determines its usability. Various groundwater quality parameters analyzed 

with their descriptive statistics are presented in Table 5.3. The results of the analyzed 

groundwater quality parameters were compared with the WHO, (2018) guidelines (Tables 5.1 

and 5.3) to determine the suitability of the groundwater for drinking purpose. The geology of 

the study region was overlaid on the geospatial distribution maps of groundwater quality 

parameters to relate the interaction between geology and groundwater quality parameters 

(Figures 5.2ï5.4). 

 

 

Gibbs ratioðI =   5.6  

GibbsðII = 
  

  
  5.7 
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 Table 5.3 Statistical summary of the physicochemical parameters of groundwater samples of 

KYB compared with WHO (WHO, 2018) guidelines. 

Note: HDL: highest desirable limit; MPL: maximum permissible limit; PAMPL: percentage 
above maximum permissible limit. 

 

Figure 5.2 Spatial distribution of groundwater quality parameter in Komadugu-Yobe basin. (a) 

pH; (b) TDS.  

5.5.1 Hydrogen Ion Concentration (pH) 

pH is an important groundwater quality parameter (Adimalla & Taloor, 2020; Eyankware et 

al., 2020b). The pH of the groundwater ranged from 5.52 to 8.24 (Figure 5.2a), with an average 

value of 7.2 (Table 2). About 88 % of the analyzed samples fall between 6.5 and 8.5, the 

recommended safe limits prescribed by WHO, (2018). Only 12.5 % of the analyzed 

groundwater samples fell below 6.5 indicating some acidic water. A change in pH leads to 

Parameters Units Maximum Minimum Mean 
WHO (WHO, 2018)  

PAMPL 
HDL MPL 

pH / 8.24 5.52 7.2 6.5ï8.5 8.5 / 

EC   ÕS/cm 2746 15 462 1000 / 5 

TDS  mg/L 1757 10 296 1000 1500 2.5 

TH mg/L CaCO3 704 0.8 138 100 500 2 

Na mg/L 285 2 36 200 250 2.5 

K mg/L 96 0.1 10 12 / 6 

Ca mg/L 220 0.2 39 75 200 2 

Mg mg/L 58 0.1 9.9 50 150 2.5 

HCO3 mg/L 379 1.5 120 250 500 10.8 

Cl mg/L 372 0.7 48 300 600 2.5 

SO4 mg/L 133 0.1 15 250 500 / 

NO3 mg/L 314 ND 42 50 50 30 

F mg/L 2.3 ND 0.3 1.5 1.5 2 

(a) (b) 
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change in biochemical reactions (Adimalla & Venkatayogi, 2018). Figure 5.2a shows the 

eastern part of the basin that is dominated by sedimentary quaternary formation and exhibits 

the lowest pH values; meanwhile, the western section, dominated by Precambrian basement, 

has pH values above the mean value. This could be due to the presence of calcite minerals and 

alkaline ions from feldspar weathering, which raises the pH of groundwater (White et al., 

2005). However, the low pH values in the sedimentary quaternary may be related to the 

extensive use of synthetic fertilizers (urea, GDAP, NPK, etc.) during irrigation, which 

introduced specific compounds that undergo oxidation reactions, resulting in low pH values in 

groundwater systems. 

5.5.2 Total Dissolved Solids (TDS) 

The groundwater in the Komadugu-Yobe basin show variation in concentrations of total 

dissolved solids (TDSs) (Figure 5.2b). The TDSs of the groundwater samples vary from 10 to 

1757 mg/L, with a mean value of 296 mg/L (Table 2). TDSs are the sum of all dissolved 

inorganic salts of major ions in water (Adimalla & Taloor, 2020). The method prescribed by 

Davis and DeWiest, (1966) was used to classify the groundwater of the study area based on 

TDS values (Table 5.4). About 85% of the groundwater sample is desirable for drinking, while 

10 and 5% of the groundwater samples are permissible for drinking and useful for irrigation, 

respectively (Table 5.4). High TDS values above the mean concentration were observed in the 

Precambrian basement part of the study area. This is an indicator of the dissolution and 

weathering of carbonates, salts, and sulfate minerals. Other factors that contribute to high levels 

of TDS in this region include ion-exchange interaction between ions in the groundwater and 

ions on the mineral surfaces, as well as groundwater flow through rocks, sediments in the 

subsurface, and waterïrock interaction time. TDS values in the sedimentary quaternary, on the 

other hand, were lower than the mean concentration. However, high TDSs were observed at 

the downstream fringes of the basin. This could be attributed to high rates of evaporation than 
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rainfall in the region as well as the anthropogenic impacts from agricultural activities and waste 

disposal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Spatial distribution of groundwater quality parameter in KomaduguīYobe basin. 

(a) TH; (b) Ca (c) Mg (d) Na (e) K. 

(a) 

(c) (d) 

(b) 

(e) 
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Figure 5.4 Spatial distribution of groundwater quality parameters in KomaduguĬYobe basin. 

(a) HCO3 (b) Cl (c) SO4 (d) NO3 (e) F. 

 

(a) (b) 

(c) (d) 

(e) 
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 Table 5.4 Groundwater classification based on TDSs (Davis, and DeWiest, 1966). 

 

 

5.5.3 Total Hardness of Water (TH) 

Ingestion of water with a high concentration (>300 mg/L) of total hardness (TH) may cause 

renal failure and the likelihood of the formation of kidney stones due to the presence of calcium 

carbonate, calcium phosphate, and calcium oxalate (Adimalla & Taloor, 2020; Goes, 2002). 

The TH of groundwater in the Komadugu-Yobe basin varies from 0.8 to 704 mg/L as CaCO3, 

with a mean value of 138 mg/L as CaCO3 (Table 5.2). About 98 % of the groundwater samples 

in the study area were below the maximum permissible limit of 500 mg/L (Table 5.2). Sawyer 

& McCarthy, (1967) classified groundwater based on the concentration of total hardness TH as 

mg/L of CaCO3 (Table 5.5). The table shows that about 43% of the groundwater samples in the 

study area are soft water, whereas 13% of the groundwater samples are in the very hard water 

category. The spatial distribution of TH in the study area is presented in Figure 5.3a. The figure 

reveals that TH concentrations above the mean value were concentrated in the Precambrian 

basement part, while the sedimentary quaternary section of the basin is dominated by TH 

concentrations below the mean value. This may be attributed to the presence of calcite and 

dolomite minerals in the Precambrian basement part of the study area. 

5.5.4 Calcium (Ca) and Magnesium (Mg) 

Calcium (Ca) and magnesium (Mg) concentrations in groundwater samples of the study area 

range from 0.2 to 220 mg/L with a mean value of 39 mg/L and from 0.1 mg/L to 58 mg/L with 

a mean value of 9.9 mg/L, respectively (Table 5.2). About 2.% of the groundwater samples 

were above the World Health Organization (WHO, 2018) maximum permissible limit of Mg 

TDS (mg/L) Class of Groundwater 
 % of 

Samples  

<500 Desirable for drinking  85 

500ï1000 Permissible for drinking  10 

1000ï3000 Useful for irrigation  5 

>3000 Unfit for drinking and irrigation  / 
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of 150 mg/L (Table 5.2). Calcium is derived from cation exchange processes and carbonate 

dissolution (Adimalla & Taloor, 2020). Therefore, Ca variations in groundwater samples could 

be due to carbonate rock dissolution and ion exchange processes in the Precambrian basement 

parts of the basin (Figure 5.3b). Figure 5.3c depicts the spatial variation in Mg in the study area. 

Furthermore, the lower value of Mg concentration in the sedimentary quaternary portion of the 

basin may be because of the absence of magnesium-bearing minerals in the groundwater of the 

region. The result also reveals a higher concentration of Ca than Mg, which could be due to the 

influence of ion exchange mechanisms and dissolution of mafic minerals in the groundwater 

system (Bloise et al., 2014). This is evident in the Precambrian basement parts of the study 

area. 

5.5.5 Sodium (Na+) and Potassium (K+) 

Sodium concentration in the groundwater of the study area varies from 2 to 285 mg/L, with a 

mean value of 36 mg/L (Table 5.2). About 2.5 % of the groundwater samples are above the 

maximum permissible limit, while 7% of the groundwater samples have concentrations below 

the mean concentration (Table 5.2). A high Na concentration above 200 mg/L give an 

unacceptable taste and make water unsuitable for domestic purposes (APHA, 2012; Kawo & 

Karuppannan, 2018; Vaiphei et al., 2020). The spatial distribution map of Na in the study area 

is presented in Figure 4d. The concentration of K in the groundwater of the study area varies 

from 0.1 to 96 mg/L with a mean value of 10 mg/L (Table 5.2). Approximately 6 % of 

groundwater samples have K concentrations above the WHO, (2018) maximum permissible 

limit (Table 5.2). Potassium is the most important element for human nutrition, with 10 mg/L 

in natural water (Adimalla & Taloor, 2020; APHA, 2012). Figure 5.3e shows the spatial 

distribution of K in KYB, with the sedimentary quaternary Chad formation region 

characterized by low K concentrations and higher concentrations are dominated in the 

Precambrian basement portion. This could be attributed to the presence of minerals in the 
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Precambrian basement such as feldspar which releases K ions into the groundwater during 

weathering. Relatively low concentrations of sodium were observed in the sedimentary Chad 

formation parts of the basin, whereas the western part, where the geology is Precambrian 

basement, has a higher concentration of Na+ (Figure 5.3d), and low Ca (Figure 5.3b). The cation 

exchange process of Na with cations on the surface of minerals that replaces Ca with Na and 

the rockïwater interaction in the groundwater system of the basin may be due to the high Na 

concentration. Moreover, high concentrations of Na and K were observed in the downstream 

rim of the basin due to intensive agricultural activities and the evaporative nature of the 

sedimentary quaternary portion of the study area. 

5.5.6 Bicarbonate (HCO3) 

The concentration of bicarbonate (HCO3
ī) in the groundwater samples of the KYB varies from 

1.5 mg/L to 379 mg/L, with a mean value of 120 mg/L (Table 5.2). Bicarbonate in groundwater 

is known to have no adverse health effects (Adimalla & Taloor, 2020; Vaiphei et al., 2020). The 

WHO, (2018) guideline for HCO3 concentration in drinking water is 250 mg/L. Only 10.8 % 

of the groundwater have a bicarbonate concentration exceeding the threshold limit of 250 mg/L 

(Table 5.2). The spatial distribution of bicarbonate concentration shows an elevated level of 

HCO3
 in the Precambrian basement part, while lower concentrations were observed in the 

sedimentary quaternary Chad formation region of the study area (Figure 5.4a). The dissolution 

and weathering of calcite and dolomite minerals increases the concentration of bicarbonate ions 

in the groundwater in the Precambrian basement. A few spots in the sedimentary quaternary 

section of the study area show elevated levels of bicarbonate concentrations due to agricultural 

activities, which enhance the natural contents of bicarbonate ions in the groundwater system 

(Uddin et al., 2023). 
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5.5.7 Chloride (Cl) and sulfate (SO4) 

The concentration of chloride (Cl) and sulfate (SO4) in the groundwater of the KYB varies 

from 0.7 to 372 mg/L, with a mean concentration of 48 mg/L, and from 0.1 to 133 mg/L, with 

a mean value of 15 mg/L, respectively (Table 5.2). Excessive chlorine in drinking water imparts 

a salty taste and signifies contamination from various natural and anthropogenic sources 

(Adimalla & Taloor, 2020). Chloride concentrations in about 2.5 % of the groundwater samples 

exceeded the WHO guidelines for drinking water (Table 5.2). However, most of the 

groundwater samples have Cl concentration above 50 mg/L. These high chloride 

concentrations may be attributed to pollution from domestic and industrial waste, leachate from 

dumpsites and septic tanks, animal waste, and agricultural fertilizer (APHA, 2012; Vaiphei et 

al., 2020). The spatial distribution of chloride concentration in the groundwater of the study 

area is presented in Figure 5.4b. Low Cl concentration was observed in the sedimentary 

quaternary Chad formation part of the study area except in a few locations receiving chlorides 

from agricultural practices and domestic waste, while the Precambrian basement portion is 

dominated by high Cl concentrations due to infiltration of chloride-bearing pollutant into the 

groundwater system. The spatial distribution of sulfate concentration in the groundwater of the 

study area is shown in Figure 5.4c. The WHO, (2018) guideline value for sulfate SO4
 in 

drinking water is 250 mg/L. All the groundwater samples are below the maximum permissible 

limit (Table 2, WHO, (2018)) Sulfates in the groundwater of the  sedimentary quaternary parts 

of the basin are from the natural process of evaporation and anthropogenic activities such as 

artificial fertilizer applications, industrial effluents, and municipal waste. Meanwhile, the 

sulfate concentration in the Precambrian basement region could be from the dissolution of 

gypsum and other sulfate-bearing minerals in the groundwater systems (Vaughan, 2006). 
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5.5.8 Nitrate (NO3) and Fluoride (F) 

Groundwater NO3 contamination is an important water quality issue globally (Adimalla & 

Taloor, 2020; Aladejana et al., 2021; Vaiphei et al., 2020; WHO, 2018). Nitrate in the 

groundwater arises from synthetic fertilizers and organic manures, leachate from dumpsites, 

septic tanks, landfills, and industrial and municipal waste (Eyankware et al., 2020). The nitrate 

concentration in Komadugu-Yobe basin varies from ND to 314 mg/L, with a mean value of 42 

mg/L (Table 5.2). The maximum permissible limit of NO3 concentration in drinking water is 

50 mg/L (WHO, 2018). Groundwater with nitrate concentrations higher than the maximum 

permissible limits have been linked to an increased risk of methemoglobinemia (Adimalla & 

Taloor, 2020; WHO, 2018). About 30 % of the groundwater samples were above the WHO 

guidelines for nitrate (Table 2). The spatial distribution of nitrate in KYB is presented in Figure 

5.4d. It is worth noting that high nitrate concentrations are visible in the Precambrian basement 

and the sedimentary quaternary formation of the study area. These high concentrations came 

from various anthropogenic pollutions in the study area as well as denitrification processes in 

the sedimentary parts of the study area. The concentration of Fī in the groundwater samples 

varies from ND to 2.3 mg/L, with a mean value of 0.3 mg/L (Table 5.2). About 2 % of the 

groundwater samples have a F concentration exceeding the maximum permissible limit (Table 

2, WHO, (2018)), which renders them unsuitable for drinking purposes. Figure 5.4e shows the 

spatial distribution of fluoride in groundwater of KYB. The sedimentary Chad formation has 

groundwater with predominantly low fluoride concentrations, whereas elevated fluoride 

concentrations were observed in the Precambrian basement part of the basin. The dissolution 

of fluoride-bearing minerals and geothermal activities could be the possible source of fluoride 

in the Precambrian basement parts of the basin. Previous studies in Nigeria such as Akpata et 

al., (2009), Giwa et al., (2021), Malago et al., (2017), and Waziri et al., (2012) have suggested 

that high fluoride concentrations in northeastern and northwestern Nigeria are due to 
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overexploitation of basement and quaternary aquifers. Ingestion of groundwater with high 

fluoride concentrations could lead to dental and skeletal fluorosis (Haritash et al., 2018; Yadav 

et al., 2009). Therefore, there is a need for further study of the risks associated with 

groundwater fluoride in the study area. 

5.5.9 Geochemical Mechanism of Groundwater 

Gibbs (Gibbs, 1970) showed that groundwater chemistry is controlled by three main natural 

processes: rock weathering/rockïwater interaction, evaporation, and atmospheric precipitation. 

A Gibbs plot (Gibbs, 1970) reveals the interaction between groundwater, soil, and host rock 

(Adimalla & Venkatayogi, 2018; Eyankware et al., 2020; Marandi & Shand, 2018). Figure 5.5 

presents the Gibbs plot of the Komadugu-Yobe basin, indicating groundwater chemistry is 

mainly controlled by rock weathering/rockïwater interaction. The Gibbs ratios of the cations 

and anions of the groundwater varies from 0.2 to 0.95 and 0.1 to 0.9, with an average of 0.5 

and 0.2, respectively, and suggest the area is dominated by silicate minerals (Malago et al., 

2017; Vaiphei et al., 2020). Only 8% of the groundwater samples indicated precipitation and 

evaporation, and given the semi-arid climates, some evaporation in the northeastern part of 

KYB where the geology is sedimentary quaternary may also affect the chemistry of the 

groundwater. 
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Figure 5.5 Gibbs plots showing the dominant geochemical mechanisms in KYB, (left): anions 

ratio and (right): cations ratio vs. TDS (mg/L). ED: evaporation dominance. RWD: rock 

weathering dominance. PD: precipitation dominance. 

 

5.5.10 Groundwater Types and Hydrogeochemical Evolution 

5.5.10.1 Piper Plot 

The Piper trilinear diagram (Figure 5.6) for the KomaduguīYobe basin uses major ions to 

classify groundwater into various hydrochemical types and identify influential factors involved 

in groundwater chemistry (Adimalla et al., 2018; Waghet al., 2019; Xiao et al., 2022). Figure 

5.6 shows the cations of the groundwater are plotted in the calcium and sodium zones, while 

the anions are mainly plotted in the bicarbonate and chloride zone. About 59% of the 

groundwater samples were plotted in the Ca-Mg-HCO3 water type. The order of dominance of 

the groundwater type in the basin is Ca-Mg-HCO3 > Na-Cl> Na-HCO3 > Ca-Mg-SO4-Cl. This 

shows that the hydrochemical types resulted from the dissolution of carbonate-rich minerals 

and the weathering of silicate minerals within the aquifer systems of the Precambrian basement 

parts of the basin. The presence of a few Na-Cl and Na-HCO3 water types may be due to rainfed 

agricultural activities taking place in both Precambrian and sedimentary quaternary parts of the 

study area. It is strongly believed that Na-HCO3 enhances the presence and dissolution of 
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fluoride in groundwater systems, particularly in the Precambrian basement geologic formation 

(APHA, 2012; Vaiphei et al., 2020; Wagh et al., 2019). 

 

 

 

 

 

 

 

Figure 5.6 Piper diagram showing various water types in KomaduguīYobe basin. 

 

5.5.10.2 Chadha Diagram 

The Chadha diagram was employed to assess the geochemistry of groundwater and various 

groundwater types in the Komadugu-Yobe basin. The Chadha plot shows the presence of Ca-

Mg-HCO3, Ca-Mg-SO4-Cl, Na-Cl, and Na-HCO3 water types in the study area (Figure 5.7). 

The Chadha diagram is a composite representation that integrates the Piper plot and the 

extended Durov diagram (Wagh et al., 2019). The Chaha plot best describes the permanent and 

temporary hardness domains of water (Eyankware et al., 2020). Figure 5.7 reveals that the 

alkaline earths exceeded the alkali metals and weak acids exceeded strong acids in the 

groundwater samples of KYB. The Chadha plot shows over half of the groundwater facies 

belong to the CaïMgïHCO3 water type with temporary hardness dominated in the Precambrian 

basement parts of the study area. However, Naï HCO3, Naï Cl, and Caï Mgï Cl water types 

were also present in the groundwater of KYB. This could be attributed to dissolution and 

weathering of calcite and dolomite minerals in the Precambrian basement parts, as well as the 
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influence of evaporation and anthropogenic activities in the sedimentary quaternary Chad 

formation section of the study area. This result agrees with what was observed in the Piper 

trilinear diagram (Figure 5.6). 

 

 

 

 

 

 

 

 

 

Figure 5.7 Chadha plot showing groundwater evolution in KomaduguĬYobe basin. 

 

5.5.11 Groundwater Quality Index 

The spatial distribution of the groundwater quality index in the KomaduguīYobe basin is 

presented in Figure 5.8 and varies from 9 to 170, with an average value of 48 (Table 5.6). 

Groundwater in the study area can be categorized into five classes based on GWQI values: 

excellent water (GWQI < 50), good water (GWQI = 50ï100), poor water (GWQI = 100ï200), 

very poor water (GWQI = 200ï300), and unfit for drinking (GWQI > 300) (Adimalla & Taloor, 

2020; Vaiphei et al., 2020). The majority of the groundwater in KYB is excellent, constituting 

about 63%, with good and poor water classes constituting 27% and 10% respectively (Table 

5.2, Figure 5.9). It was observed that the poor groundwater quality occurs in the Precambrian 
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basement portion of the basin. This could be attributed to geogenic processes including 

weathering and dissolution of minerals, as well as anthropogenic pollution resulting from the 

extensive use of artificial fertilizers, indiscriminate discharge of effluent from local industries, 

leachates from dumpsites, septic tanks, and pit latrines. 

 

 

 

 

 

 

 

 

 

Figure 5.8 Spatial distribution of groundwater quality index in KomaduguĬYobe basin. 
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Table 5.6 Groundwater quality index (GWQI) in KomaduguĬYobe basin. 

Sample Numbers GWQI Water Type Sample Numbers GWQI Water Type 

L1 79 Good  L63 74 Good  

L2 49 Excellent  L64 51 Good  

L3 74 Good  L65 125 Poor  

L4 104 Poor  L66 76 Good  

L5 41 Excellent  L67 9 Excellent  

L6 82 Good  L68 62 Good  

L7 20 Excellent  L69 15 Excellent  

L8 18 Excellent  L70 20 Excellent  

L9 24 Excellent  L71 62 Good  

L10 82 Good  L72 46 Excellent  

L11 39 Excellent  L73 38 Excellent  

L12 29 Excellent  L74 61 Good  

L13 18 Excellent  L75 41 Excellent  

L14 17 Excellent  L76 49 Excellent  

L15 19 Excellent  L77 61 Good  

L16 14 Excellent  L78 73 Good 

L17 156 Poor  L79 37 Excellent  

L18 20 Excellent  L80 67 Good  

L19 31 Excellent  L81 91 Good  

L20 25 Excellent  L82 38 Excellent  

L21 19 Excellent  L83 14 Excellent  

L22 15 Excellent  L84 79 Good  

L23 31 Excellent  L85 52 Good  

L24 59 Good  L86 64 Good  

L25 91 Good  L87 38 Excellent  

L26 134 Poor  L88 15 Excellent  

L27 170 Poor  L89 18 Excellent  

L28 49 Excellent  L90 15 Excellent  

L29 36 Excellent  L91 16 Excellent  

L30 28 Excellent  L92 13 Excellent  

L31 107 Poor  L93 17 Excellent  

L32 150 Poor  L94 107 Poor  

L33 14 Excellent  L95 58 Good  

L34 37 Excellent  L96 30 Excellent  

L35 27 Excellent  L97 14 Excellent  

L36 65 Good  L98 14 Excellent  

L37 107 Poor  L99 32 Excellent  

L38 101 Poor  L100 26 Excellent  

L39 23 Excellent  L101 103 Poor  

L40 22 Excellent  L102 24 Excellent  

L41 38 Excellent  L103 23 Excellent  

L42 83 Good  L104 50 Good  
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Figure 5.9 Groundwater quality index (GWQI) classification in KomaduguīYobe basin. 

Sample Numbers GWQI Water Type Sample Numbers GWQI Water Type 

L43 34 Excellent L105 18 Excellent 

L44 64 Good L106 40 Excellent 

L45 49 Excellent L107 30 Excellent 

L46 32 Excellent L108 33 Excellent 

L47 58 Good L109 28 Excellent 

L48 71 Good L110 52 Good 

L49 23 Excellent L111 25 Excellent 

L50 32 Excellent L112 19 Excellent 

L51 39 Excellent L113 18 Excellent 

L52 27 Excellent L114 24 Excellent 

L53 40 Excellent L115 58 Good 

L54 54 Good L116 16 Excellent 

L55 110 Poor L117 12 Excellent 

L56 35 Excellent L118 11 Excellent 

L57 33 Excellent L119 35 Excellent 

L58 72 Good L120 94 Good 

L59 24 Excellent Maximum 170 / 

L60 36 Excellent Minimum 9 / 

L61 33 Excellent Mean 48 / 

L62 84 Good       

Table 5.6 cont. 
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5.6 Conclusion 

This study presents the hydrogeochemical characteristics and suitability of groundwater 

resources for drinking purposes in the Komadugu-Yobe basin, Sahel region. This study 

analyzed 120 groundwater samples to determine the hydrogeochemical characteristics and 

overall quality of groundwater in KYB using Gibbs plots, hydrochemical facies plots, and 

groundwater quality index. The following are the key conclusions from this study: 

Å The order of the abundance of the major cations and anions in the groundwater samples is: 

Ca > Na > K > Mg and HCO3 > Cl > NO3 > SO4 > F, respectively. More than 90 % of 

groundwater samples have Na, Ca, Mg, K, Cl, and SO4 and total hardness within the WHO, 

(2018) maximum permissible limits. However, some locations show high F and NO3
 

concentrations, largely in the Precambrian basement region and a few locations in the 

sedimentary formation parts of the study area. 

Å The chemistry of the major ions in the groundwater samples of the study area is predominantly 

(92%) influenced by weathering/rockïwater interaction. 

Å Ca-Mg-HCO3 is the most prevalent hydrochemical facies of groundwater in KYB accounting 

for more than half (59%) of the groundwater samples. The order of dominance of the 

groundwater type of the study region is Ca-Mg-HCO3 > Na-Cl > Na-HCO3 > Ca-Mg-SO4-Cl. 

The Na-HCO3 groundwater type may promote fluoride dissolution, perhaps contributing to 

fluoride enrichment in groundwater in some parts of the Precambrian basement complex and 

the sedimentary Chad formation of the study area. The Piper trilinear plot findings agree with 

the Chadha diagram results. 

Å Based on GWQI, the groundwater in the study area is generally of excellent (63%) to good 

quality (27%) with only 10% exhibiting poor quality. The Precambrian basement complex 
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region of the study basin has the most significant presence of good and poor water quality 

classes. 

5.7 Postface 

This chapter has addressed and fulfilled RQ1 ñWhat is the general hydrochemical 

characteristics of groundwater in KYB and its suitability for drinking purposes?ò by publishing 

a paper in a peer-reviewed journal. The chapter first addressed SO1 ñConduct a case study to 

determine the suitability of groundwater for drinking purposes by comparing groundwater 

quality parameters with world health organization drinking water guidelines in KYBò. The 

suitability of groundwater for drinking purpose was investigated by comparing various water 

quality parameters with World Health Organization (WHO, 2018) drinking water guidelines. 

The case study addressed SO2 ñConduct a case study on groundwater quality index analysis to 

classify groundwater potabilityò. The groundwater of Komadugu-Yobe basin was categorised 

into 5 classes from excellent water classes to unsuitable water classes (section 5.5.11). The 

spatial distribution of groundwater quality parameters was developed using geospatial analysis 

which shows how quality of groundwater varies over the spread of the basin (SO4). This 

enabled developing an effective strategy toward sustainable management of groundwater in the 

study area. This chapter also addressed SO3 ñWith the aid of Piper trilinear diagram and 

Chadha plot, identify various groundwater facies and water types in the basinò. The 

predominant water types were identified and discussed (Section 5.5.10). The Na-HCO3 

groundwater type predominates some parts of Precambrian basement complex and sedimentary 

quaternary which may promote fluoride dissolution, and perhaps contributing to fluoride 

enrichment in groundwater. 

The next chapter will continue to use Komadugu-Yobe basin as case study and explore an 

integrated approach of chemometric analysis and geochemical modelling to identify and 

discuss factors controlling the geochemical evolution of groundwater as well as the 
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hydrogeological processes and origin/source of various chemical constituents present in 

groundwater of the study area which will enable the development of a simplified conceptual 

model for hydrogeochemical processes governing the groundwater chemistry in Komadugu-

Yobe basin. 
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6 Geochemical Evolution and Mechanisms Controlling Groundwater 

Chemistry in KomaduguïYobe Basin, Sahel Region: An Integrated 

Approach of Geochemical Modeling and Chemometric Analysis2 

 

6.1 Preface 

In the previous chapter (chapter 5), we have identified gaps in hydrochemical characterization 

and water quality analysis and make a case study for a detailed study integrating hydrochemical 

assessment, water quality analysis and geospatial analysis to ascertain the overall 

hydrogeochemistry and groundwater quality in Komadugu-Yobe basin. This was achieved by 

first analysing for major ions in the groundwater samples and employing a methodology that 

combines hydrochemical characterization and water quality indices analysis. The suitability of 

groundwater for drinking purposes was investigated by comparing various water quality 

parameters with WHO, 2018 guidelines. It also highlighted the link between geology and 

hydrochemical characteristics, groundwater facies and groundwater quality index over the 

entire basin. It provided basic information required for sustainable management of groundwater 

resources in the basin. 

This chapter will now answer RQ2: ñWhat role can chemometric analysis and geochemical 

modelling play in assessing geochemical evolution and mechanisms influencing groundwater 

chemistry as well as origin/source of chemical constituents in groundwater of Komadugu-Yobe 

basin?ò. A methodology of geochemical modelling was employed to investigate geochemical 

evolution and mechanisms controlling the groundwater chemistry (SO6). This was applied to 

Komadugu-Yobe basin case study where we identified various geochemical mechanisms and 

hydrochemical processes controlling the chemistry of groundwater. The results indicated rock 

weathering/rock-water interaction is the dominant mechanism influencing the groundwater 

chemistry. The research question was also addressed through SO7: óConduct a case study to 

determine the source extent of chemical parameters in groundwater using chemometric analysis 
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approachô. Multivariate statistical analysis involving Pearsonôs correlation analysis, Principal 

Component Analysis (PCA), and Hierarchical Cluster Analysis (HCA) were applied to identify 

the sources of chemical elements present in the groundwater. This chapter also explore the 

impact of seasonal variability on groundwater hydrochemical processes and overall quality 

(SO8). Alongside investing geochemical evolution and mechanisms controlling the chemistry 

of groundwater in the basin, groundwater samples of wet and dry season were compared to 

ascertain the effect of seasonal variability in the geochemistry of the groundwater.  A 

conceptual model for geochemical evolution and hydrogeochemical processes of groundwater 

in Komadugu-Yobe basin was developed (SO9). 

This chapter was written as a published, peer-reviewed paper in Elsevier óJournal of 

Hydrology: Regional Studiesô.  
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6.2 Abstract 

Study region: The study is conducted in the transboundary KomaduguïYobe Basin, Lake Chad 

region, a critical groundwater resource shared across national boundaries of Nigeria and Niger 

Republic. 

Study focus: The research investigates geochemical evolution and sources of chemical 

constituents in groundwater through an integrated methodology that integrates geochemical 

modeling, molar ratios, bivariate plots, and chemometric analysis. Groundwater samples (n = 

240) were collected during wet and dry seasons to identify seasonal variations and the impact 

of geogenic and anthropogenic processes on groundwater quality. 

New hydrological insights: The findings revealed that Cl and NO  are associated with 

anthropogenic pollution. The Principal Component Analysis identified three main components 

associated with geogenic and anthropogenic processes, agricultural pollution, and mineral 

weathering. Hierarchical Cluster Analysis highlighted geogenic, anthropogenic, and 

evaporative influences. Groundwater in the basin is predominantly of CaïHCO  and NaïCl 

types and is significantly undersaturated with calcite, dolomite, and fluorite, though seasonal 

variations show saturation in some samples. Elevated partial pressures of CO  (pCO ) above 

atmospheric pCO  in nearly all samples suggests active biogeochemical processes. Moreover, 

Gibbs plots, molar ratios, and bivariate plots, along with chloroalkaline indices (CAI-I &CAI-

II) confirms influence of mineral weathering and ion exchange reactions within the aquifer 

system. Few locations show evaporation during the dry season. This study provides valuable 

insights for sustainable management of groundwater resources in semi-arid and arid regions. 

Keywords 

Groundwater quality, Multivariate statistical analysis, Geochemical modeling, 

Hydrogeochemical characteristics, Anthropogenic process. 
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6.3 Introduction 

Geochemical modeling and chemometric analysis of groundwater quality is paramount for 

groundwater sustainability. The demand for potable freshwater has significantly increased 

worldwide due to population growth, intensive agriculture, and pollution of surface and 

groundwater from both geogenic and anthropogenic activities (Awaleh et al., 2024; Elumalai 

et al., 2020; Mohammed et al., 2022; Samtio et al., 2023; Sikakwe & Eyong, 2022; Yang et al., 

2021; Zhang et al., 2020). Groundwater provides drinking water supply for over one-third of 

the worldôs population (Ismail et al., 2020; Sheng et al., 2022). As a result, groundwater is 

overexploited globally, exposing it to significant risk of pollution and quality/quantity 

degradation (Elumalai et al., 2022; Ha et al., 2022; Mohammed et al., 2023; Sarti et al., 2021; 

Sheng et al., 2022; Yang et al., 2021). Consequently, groundwater quality is impacted by both 

natural and anthropogenic processes (Jabbo et al., 2022; Mohammed et al., 2023; Samtio et al., 

2023; Subba Rao & Chaudhary, 2019) including factors such as leachate from dump sites, 

overexploitation of wells, accidental oil spillages, effluent from industries, residential 

wastewater, sewage, and intensive use of synthetic fertilizer (Awaleh et al., 2024; Shuaibu et 

al., 2024; H. Zhang et al., 2023). Natural processes that influence groundwater chemistry 

include rockïwater reactions, oxidationïreduction, precipitation and dissolution of aquifer 

materials, and groundwater recharge and discharge processes (Elumalai et al., 2022; Jehan et 

al., 2019; Sikakwe & Eyong, 2022; Wali et al., 2019). 

Groundwater is essential in arid and semiïarid regions (Elumalai et al., 2019; Loh et al., 2020; 

Mohammed et al., 2022). Aquifers in KomaduguïYobe basin (KYB) are at risk of depletion 

and degradation due to overexploitation, climate change impacts, and pollution from geogenic 

and anthropogenic activities such as urbanization, industrialization, leachate from dumpsites, 

and indiscriminate discharge of solid wastes and wastewaters to the environment (Goni et al., 

2019; Jagaba et al., 2020; Wali et al., 2020). Groundwater overexploitation in this region for 
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domestic and irrigation water supply makes the aquifers vulnerable to depletion and quality 

degradation. The primary occupation of the residents in KYB is agricultural, including rainï

fed and irrigation farming, contributing significantly to the food requirements in Nigeria 

(Adeyeri & Arnault, 2020; Ahmed et al., 2018; Descloitres et al., 2013). It is crucial to know if 

groundwater in the basin meets the necessary quality standards for various uses. Several studies 

have recently been conducted in KomaduguïYobe basin to evaluate groundwater quality 

(Abubakar et al., 2018; Bura et al., 2018; Garba et al., 2018; Goni et al., 2023; Hamidu et al., 

2017; Ibrahim et al., 2021; Jagaba et al., 2020; Shuaibu et al., 2024; Suleiman et al., 2022). In 

contrast, geochemical modeling and chemometric analysis of groundwater at the regional scale 

remain challenging and had not yet been thoroughly investigated in the basin.  

Geochemical modelling and chemometric analysis were employed in various studies 

worldwide to determine geochemical evolution and mechanisms influencing groundwater 

chemistry (Banda et al., 2024; Ding et al., 2024; Elumalai et al., 2019; Ha et al., 2022; 

Mohamed et al., 2022; Sikakwe et al., 2020; Spellman et al., 2024; Wang et al., 2024; Yang et 

al., 2021; Zhang et al., 2023). Chemometric analysis involves investigation of various water 

quality variables in a large hydrochemical data set simultaneously, compared to the univariate 

method, which involves evaluation of each variable in hydrochemical data set 

individually/using graphical methods (Liu et al., 2020; Rezaei et al., 2020; Sikakwe et al., 

2020). The most effective way to examine hydrogeochemical datasets is by categorizing them 

into geospatial clusters with similar characteristics using chemometric analysis (Liu et al., 

2020). It facilitates understanding the origin of dissolved ions in aquifer systems (Abdelaziz et 

al., 2020; Asomaning et al., 2023; Gautam et al., 2022; Liu et al., 2023; Sarti et al., 2021; Ullah 

et al., 2022). Graphical methods for assessing hydrochemical data are enhanced by employing 

multivariate statistical analysis (Gautam et al., 2022; Sikakwe et al., 2020; C. K. Singh et al., 

2017). PCA is useful in reduction of large datasets into components and in assessing the 
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interrelationship between different hydrochemical characteristics of analyzed water samples to 

understand sources and extent of pollution (Jehan et al., 2019; Wali et al., 2019). HCA is useful 

in identifying groups with similar characteristics in hydrochemical datasets (Elumalai et al., 

2019; Kumar et al., 2018; Zhou et al., 2024). Groundwater geochemistry is usually influenced 

by geogenic processes and anthropogenic activities. Various factors, including aquifer 

lithology, travel time of groundwater, geological formations, sewage, effluent, leachates, and 

agrochemical applications, makes geochemical characterization of groundwater complex (Liu 

et al., 2020). However, the chemical reactions between water and minerals, as well as nature 

and characteristics of water that recharges the aquifer influences the hydrochemical 

characteristics of groundwater (Chen et al., 2020; Elumalai et al., 2020; Gautam et al., 2022; 

Kalin, 1996; Singh et al., 2017). Therefore, the interaction between water and mineral 

components of aquifer defines the general geochemistry of groundwater, providing valuable 

information on rockïwater interaction process (Bradai et al., 2022; Kalin and Long, 1993).  

The transboundary Komadugu-Yobe basin, located in the Lake Chad region, is characterized 

by intensive rainfed and irrigated agriculture, along with various industrial and domestic 

activities. The main source of water supply in this region is groundwater. Consequently, its 

significant exploitation results in a wide range of regional environmental problems, including 

degradation of groundwater quality/quantity. Although several studies have investigated 

groundwater quality in the transboundary Komadugu-Yobe basin, there has been limited 

research using integrated geochemical modelling and chemometric analysis on a regional scale. 

Previous studies in the basin focused on localized assessments of groundwater contamination, 

overlooking broader hydrogeochemical processes and various groundwater contamination 

sources. Therefore, this study has uniquely applied a combination of geochemical modelling, 

bivariate plots, molar ratios, and chemometric analysis to understand both geogenic and 

anthropogenic influences on groundwater chemistry at a basin-wide scale. It offers new insights 
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into the impact of mineral weathering, ion exchange, and pollution from domestic and 

agricultural activities on groundwater quality, providing a comprehensive understanding that 

is critical for sustainable groundwater management. A conceptual model for groundwater 

evolution and distribution of geochemical processes controlling groundwater chemistry in 

KYB was established. The findings from this study are expected to support stakeholders and 

decisionïmakers in developing new insights into regional-scale groundwater management 

strategies in transboundary KomaduguïYobe basin and the wider Lake Chad region. 

6.4 The study area 

6.4.1 Study Area Settings 

The study area is the transboundary KomaduguïYobe basin, a subïbasin of greater Lake Chad 

basin (Figure 6.1a). The basin covers approximately 150,000 km2. The topographic elevation 

of the basin varies from 294 m in Yobe to 1750 m in Jos. The Komadugu Gana and Komadugu 

Yobe river systems flow through Yobe river and drains into Lake Chad (Adeyeri et al., 2019; 

Gana et al., 2018). The Hadejia Nguru wetlands and its associated river systems support 

different economic activities such as agriculture, fish production, pastoralism, and trading to 

over 20 million people residing in the basin (Adeyeri et al., 2020; Ahmed et al., 2018). KYB 

has national and international value due to its various internationally shared water resources 

and wetlands, which boosts local, national, and international economies and requires 

transboundary integrated water resource management among several countries in the Lake 

Chad region (Adeyeri et al., 2020). The climate in the basin is arid to semiïarid, characterized 

by frequent droughts, significant rainfall variability, and intense evaporation (Adeyeri et al., 

2019; Goes, 1999). The basin has an average annual temperature of 12 ǓC in December and 

January and 40 ǓC in the months of March and April. The basin has a relative humidity of about 

40 % per year. A mean annual precipitation of 1360 mm is estimated in Jos, whereas an estimate 

of 400ï600 mm were recorded in Nguru and Hadejia, occurring in April to September. Mean 
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annual evapotranspiration rate of 203 mm/year was estimated in the basin (Adeyeri et al.,2017; 

Shuaibu et al., 2023). The basin is characterized by arable land, and the vegetation in the basin 

is dominated by a variety of shrubs, dense grasses, and grasslands with scattered trees (Adeyeri 

et al., 2019). 

6.4.2 General geology and hydrogeology 

Geologically, the basin mainly consists of Precambrian basement complex rocks, sedimentary 

quaternary formations and Jurassic younger granites (Figure 6.1b). The Precambrian basement 

complex comprises crystalline rocks of  PanïAfrican orogeny that have been exposed and 

overlain by younger rocks (Schuster et al., 2009). These rocks consist of migmatiteïgneiss, 

schists, and PanïAfrican granites that are mostly igneous and metamorphic rocks characterized 

by shallow weathered basement of low permeability. The mineral composition of the 

Precambrian basement complex are plagioclase, quartz, and biotite. The Precambrian basement 

is overlain by Paleozoic to quaternary sediment deposits in the north-east (Figure 6.1c). Jurassic 

younger granites comprise syenites, biotite granites, gabbros, ignimbrites, and rhyolites form 

ring dyke structures around Ningi, Dutse, Shira, BirninïKudu and Riruwai. The mineralogical 

composition of the younger granites are pyroxene, olivine, amphibole, quartz, biotite and 

plagioclase. The stratigraphical sequence of sediment accumulation overlying the basement 

complex is the Paleozoic, lower Cretaceous, Middle Cretaceous, Continental Hamadien, upper 

Cretaceous, and Continental Terminal (Maduabuchi et al., 2006; Obaje et al., 2004). The 

sedimentary quaternary consists of a fine to coarse grained sand with an alternation of sandy 

Aeolian deposits. The valley consists of clayed to sandy fluvial sediments. The sedimentary 

basin pattern formed a complex subsurface deposit intercalated with sandy to clayey layers 

(Descloitres et al., 2013; Le Coz et al., 2011). The Chad formation has been continuously 

sedimented from the Late Miocene to the present, resulting in the deposition of Aeolian sand 

and clay elements (Shuaibu et al., 2022; Wali, Dankani, et al., 2020). Sand dunes and various 
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alluvial deposits occurs in the Sedimentary Quaternary parts of the basin as a superficial 

deposits as parallel ridges extending several kilometers with a depth of 15 to 20 m which 

influence the river system around KafinïHausa, Miga, Jahun, and Auyo in the basin.   

The primary source of groundwater in the basin is weathered basement, fracture basement and 

PlioïPleistocene argillaceous sequence of Chad Formation with minor arenaceous horizons 

and recent Quaternary sediments (Figure 6.1c). The basin has three distinct aquifer zones in 

the north-eastern parts: upper aquifer, middle aquifer, and lower aquifer (Goni, 2006). The 

upper and middle aquifers are accessible for exploitation. However, alluvial deposits on the 

river floodplains along Hadejia River and HadejiaïNguru wetlands provides groundwater at 

shallow depth through tube wells (Tukur et al., 2018). The upper unconfined aquifer zone 

consists of quaternary deposits, including sands from the lake edge and alluvial fans/deltaic 

sediments of varied sizes. The aquifer comprises three distinct units: an upper A unit, which is 

below the water table, and two other units, namely the upper B and C units, ranging from semiï

confined to confined (Bura et al., 2018; Goni, 2006).  The thickness of the upper aquifer varies 

from 15 to 100 m with depth to water table of around 20 m. This aquifer is recharged through 

rainfall runoff and has a transmissivity varying from 0.6 to 8.3 m2/day (Maduabuchi et al., 

2006). The middle aquifer is composed of sand beds 10 to 40 m thick interbedded with clay 

and diatomites, as well as sand fractions of moderately coarse to finer quartz, feldspar, mica, 

and feoxides. The average transmissivity of the middle aquifer is about 360 m2/day whereas 

the lower aquifer has a transmissivity value ranging from 33 to 105 m2/day.  
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Figure 6.1 (a) Study area map showing sampling locations, various Rivers and digital elevation 

model. The pink triangles represent groundwater sampling points (b) Generalised geological 

map showing groundwater flow direction and various geologic types (c) Hydrogeological 

crossïsection A-Aǋ of KomaduguïYobe basin showing different lithologies, groundwater 

recharge and discharge zones and the groundwater table. 

 

The KomaduguïYobe River exhibits a seasonal flow pattern mainly between the months of 

June and December (Descloitres et al., 2013). Groundwater availability is dominant in the 

southern parts while the northeastern parts have some surface water resources. Groundwater 

flow is directed from southern parts of the basin to the northeastern parts towards the Lake 

(c) 

(a) (b) 
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Chad (Figure 6.1b). The flow of groundwater in basement complex aquifer system is highly 

localized. Recharge likely occurs in the Southern part around Chalawa gorge dam while the 

discharge and evaporative return occur around Kano towards Ringim. Moreover, recharge in 

the North-eastern parts is predominant around the Hadejia-Nguru wetlands through 

Komadugu-Yobe valley and Lake Chad region. Groundwater recharge is focused at wetlands 

and KomaduguïYobe valley and through seepage from river channels and as infiltration of 

floodwater and runoff along the Yobe floodplain (Carter & Alkali, 1996; Le Coz et al., 2011; 

Maduabuchi et al., 2006).  

6.5 Materials and methods 

6.5.1 Groundwater sampling and laboratory analysis 

In this study, 240 groundwater samples were collected in 50 mL polyethylene bottles from 120 

boreholes and hand-dug wells over two sampling campaigns in August and September 2021 

(wet season) and March and April 2022 (dry season) in KYB. Wells were pumped for a 

minimum of 5 minutes before sampling at each location to ensure the collection of samples 

free from contamination by borehole pipes and stagnant water. Prior to sampling, each sample 

bottle was rinsed twice with groundwater from the respective well. Groundwater samples were 

then filtered through a 0.45 ɛm acetate cellulose syringe filter into two 50 mL polyethylene 

bottles: one bottle was acidified with 0.4 mL of nitric acid for cation analysis, while the other 

bottle, reserved for anion analysis, was left unacidified. Groundwater samples were sealed with 

watertight lids and kept below 4 ǓC in icebox coolers until laboratory analysis in Civil and 

Environmental Engineering Laboratory, University of Strathclyde, Glasgow, UK. Locations of 

each sampled well were marked using a handheld portable global positioning system (GPS) 

and plotted on Figure 6.1a. Prior to water samples collection, the pH, electrical conductivity 

(EC) were measured inïsitu at each sampling location with handïheld digital electrical 

conductivity meter (Model 99720 pH/Conductivity meter). The equipment was calibrated using 
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standard solutions before measurement. Total alkalinity was measured inïsitu using a HACH 

digital alkalinity titrator (Model 16900, HACH International, Loveland, CO, USA). The major 

cations (Na, K, Ca, Mg and Fe) were analysed with inductively coupled plasma optical 

emission spectrometry (ICPïOES, iCAP 6200, Thermo Fisher Scientific), while analysis of the 

anions (Cl, F, SO4, NO3) was achieved using ion chromatography instrument (Metrohm 850 

Professional IC). 

6.5.2 Quality control and assurance 

The quality of the fieldwork followed standard procedures to ensure the integrity of 

groundwater samples and inïsitu measurements. The field equipment were calibrated before 

the start of field measurement using standard solutions and procedures. The preventive course 

of action and standard operating procedures (SOP) were adhered to in the field, throughout 

transportation, preservation, and in laboratory analysis to avoid sample aging and crossï

contamination as recommended by APHA, (2012). Laboratory analysis accuracy and precision 

were confirmed by running standards and blanks. Finally, the reliability and accuracy of 

hydrochemical data were ensured by assessing ionic balance error, which was within the 

acceptable threshold of Ñ 10 % with significant percentage of wet and dry season samples 

below Ñ 5 %. 

6.5.3 Multivariate statistical analysis (Chemometric methods) 

Various hydrogeochemical studies conducted globally employed chemometric approaches, 

including correlation matrix analysis, PCA, and HCA (Kumar et al., 2018; Liu et al., 2023; 

Samtio et al., 2023; Singh et al., 2017; Subba Rao & Chaudhary, 2019; Ullah et al., 2022; Yang 

et al., 2021). These methodologies are employed to evaluate overall water quality by 

identifying pollution sources and to effectively disseminate water quality information (Rezaei 

et al., 2020). The Pearsonôs correlation analysis, PCA, and HCA were performed in this study 
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using Origin Pro 2023b to determine the interrelationship of hydrochemical parameters and 

pollution source distribution of groundwater in KomaduguïYobe basin. 

6.5.3.1 Pearsonôs correlation analysis  

Pearsonôs correlation analysis was employed to classify groundwater quality variables and 

ascertain their interrelationships (Ullah et al., 2022). Pearsonôs correlation analysis was applied 

to identify anthropogenic activities and underlying rock properties that affect groundwater 

chemistry. Major ions, such as nitrate, sulfate, sodium, and chloride, get into groundwater 

aquifers through municipal waste, the application of synthetic fertilizer in agricultural lands, 

and organic and inorganic wastes (Wali et al., 2019; Yang et al., 2021).   

6.5.3.2 Principal component analysis (PCA) 

PCA was used to elucidate the relationship between large number of groundwater quality 

parameters (Kumar et al., 2018; Liu et al., 2023). It was applied in this study to identify 

potential sources of pollution, and statistical independent source tracers were chosen using 

Varimax rotation method with Kaiser normalization (Kumar et al., 2018; Yadav et al., 2020). 

The PCA was carried out on 13 groundwater quality variables, namely: pH, EC, TH, Na+, K+, 

Ca2+, Mg2+, Clï, HCO3
ï, SO4

2ï, NO3
ï, Fï, and Fe. The basic steps followed in the PCA are the 

standardization of data and extraction of principal components (PCs) (Wali et al., 2019). 

Principal components (PCs) with eigen value >1 were extracted from the scree plot. The 

variables in the respective components with higher loading were considered of greater 

significance regardless of sign. PCs are categorised into three classes: weak (0.30ï0.50), 

moderate (0.50ï0.750) and strong (>0.75) (Kumar et al., 2018).  

6.5.3.3 Hierarchical clustering analysis (HCA) 

This study adopted HCA to classify the groundwater into groups that are similar to each other 

(Lima et al., 2019). Moreover, the study employed the R and Qïmode HCA using Ward's 
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approach (minimal variance) to find the best clusters (groups) and for comprehensive result 

interpretation. Distance between samples were measured by squared Euclidean distance (Eq. 

(6.1)). Dendrograms are widely used to show hierarchical clustering or grouping together with 

the associated linkage distances (Subba Rao & Chaudhary, 2019). The cohesiveness and 

correlation between the hydrochemical parameters and groundwater samples were observed by 

constructing a dendrogram. 

Ὠ В ὼ ώ                                                                                                                    6.1 

where dxy represents squared Euclidean distance between two points, x and y, in pï

dimensional space. j is used to define each individual parameter (Kumar et al., 2018). 

6.5.4 Geochemical modelling 

Groundwater chemistry is mainly influenced by factors including structure and composition of 

mineral, and rockïwater equilibrium (Elumalai et al., 2022; Kumar et al., 2018). Saturation 

index (SI) elucidates the equilibrium between water and minerals (Eq. (6.2)). The groundwater 

saturation indices for KYB were determined using Geochemistôs WorkBench GWB software 

17.0. SI value of zero shows that mineral saturation is in equilibrium in the aquifer, whereas 

positive value of SI signifies overïsaturation of minerals in water and negative SI value 

signifies underïsaturation of minerals in water.  

ὛὍὰέὫ                                                                                                                                6.2        

IAP represents the ion activity product in the solution, while KSP represents the solubility 

product or equilibrium constant of the reaction. 

6.5.5 Chloroïalkaline indices (CAI) 

The chloroalkaline indices (Eqs. (6.3) and (6.4)) were used to study ion exchange reactions 

occurring within aquifers of the study area. These indices were used in various studies to better 
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understand general groundwater chemistry, ion exchange mechanisms, and rockïwater 

interactions (Chen et al., 2020; Elumalai et al., 2022; Liu et al., 2023; Mohamed et al., 2022; 

Sikakwe & Eyong, 2022).  

ὅὃὍὍ                                                                                                               6.3 

ὅὃὍὍὍ                                                                                                6.4 

Where all ions are measured in meq/L. 

6.6 Results and discussion 

6.6.1 Hydrochemical characteristics 

The hydrochemical characteristics of the groundwater in KYB are presented in Table 6.1. The 

concentration of hydrochemical parameters in wet and dry seasons groundwater samples 

displayed a wide variation. pH values varied from 5.52 to 8.24 with a mean of 7.2 in wet season 

and those of dry season varied from 4.81 to 8.30 with a mean of 6.4 indicating acidic to weak 

alkaline water in respective seasons. EC ranges from 15 to 2746 µS/cm, with an average of 462 

µS/cm and 54 to 3560 µS/cm, with a mean of 538 µS/cm in wet and dry season respectively. 

A significant number of samples in both seasons have EC values < 1500 µS/cm, while some 

samples have EC value between 1500 to 3000 µS/cm and a few of dry season samples have 

EC > 3000 µS/cm. Therefore, the groundwater in this region is largely fresh to brackish water 

in both seasons. The total hardness (TH) values of wet season samples varied from 0.8 to 704 

mg/L as CaCO3, with a mean of 138 mg/L as CaCO3. Most of the groundwater samples in both 

seasons appeared to be soft. However, few samples range from hard to very hard waters in 

respective seasons. The major ions dominance occurs in an order of Ca > Na > K > Mg > Fe 

and HCO3 > Cl > NO3
 > SO4 > F for cation and anion and Ca > Na > Mg > K > Fe and NO3 > 

HCO3
 > Cl > SO4 > F for cation and anion in wet and dry seasons respectively. This variation 
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in concentration is likely due to various anthropogenic and geogenic processes taking place 

within the study area. The hydrogeochemical analysis suggests that the wet season groundwater 

is mainly characterized by Ca, HCO3
- and Na, Cl ions and those of dry season were dominantly 

characterized by Ca, HCO3 and Na, NO3
 ions. This resonates with the findings of Wang et al., 

(2024) that the main cation and anions in the groundwater of Hutuo River alluvial-pluvial fan 

in China were Ca and HCO3. Similarly, Samtio et al., (2023) identified Ca, Na, HCO3 and Cl 

as the main cation and ions in the groundwater of chachro sub-district in Pakistan. The 

dominance of these ions in the groundwater of the study area could possibly reflects the 

influence of rock-water interaction and dissolution processes of plagioclase, amphibole, 

pyroxene, orthoclase and biotite rock minerals as well as contamination from irrigation return 

flows, synthetic fertilizers, potassium compost, domestic and industrial discharges, leachates 

and nitrification from pit latrines (Shuaibu et al., 2024; Subba Rao et al., 2022; Yu et al., 2024). 

It is worth noting that the high nitrate concentrations shown in Table 6.1 during the wet and 

dry seasons were measured in open dug wells and boreholes, where significant pollution is 

attributed to agricultural activities and leachate from unimproved pit latrines, particularly in 

the downstream areas of the basin. This corroborates with the findings of Goni et al., (2023) in 

parts of the Hadejia-Jama'are-Komadugu-Yobe Basin, where a high nitrate concentration of 

approximately 1003 mg/L was measured in a dug well affected by agricultural pollution.  
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Table 6.1 Descriptive statistics of hydrochemical parameters of wet and dry seasons 

groundwater. 

Note: All units are in mg/L except for dimensionless pH, TH in mg/L as CaCO3, and EC in 

ÕS/cm. Std Dev.: Standard Deviation. 

 

6.6.2 Chemometric analysis 

6.6.2.1 Pearsonôs correlation analysis  

Correlation analysis provides an understanding of the relationship between variables for 

assessing their communal origin and/or sources (Singh et al., 2017; Wali et al., 2022). Figure 

6.2a and b presented the result of Pearsonôs correlation analysis hydrochemical parameters of 

wet and dry seasons. EC strongly correlated with TH (r2 = 0.82), Na (r2 = 0.81), Ca (r2 = 0.81),  

Mg (r2 = 0.73), Cl (r2 = 0.83), and SO4
 (r2 = 0.73) and is moderately correlated with HCO3

ï 

(r2=0.61) in wet season samples, whereas TH (r2 = 0.70), Na (r2 = 0.72), Ca (r2 = 0.71), Cl (r2 

= 0.74), and  Mg (r2 = 0.60), SO4 (r
2 = 0.67), NO3

ï (r 2 = 0.60) correlates with EC in dry season 

groundwater samples (Table SM6.1 & 6.2, Figure 6.2a &b). There was a weak correlation 

between EC and K (r 2 = 0.41), and NO3
 (r2 = 0.37) in wet season groundwaters, and K (r2 = 

0.47) and HCO3 (r
2 = 0.29) in the dry season groundwater samples (Table SM6.2). pH does not 

correlate with K (r2 = ï0.04), and NO3
 (r2 = ï0.12), both of which show a very weak correlation 

Parameters Wet Season       Dry Season     

  Range Mean Std Dev.   Range Mean  Std Dev. 

pH 5.52ï8.24 7.2 0.6  4.81ï8.30 6.41 0.5 

EC 15ï2,746 462 470  54ï3,560 538 590 

TH 0.8ï704 138 125  5ï1,280 139 180 

Na 2ï285 36 45  1.8ï247 33 40 

K 0.1ï96 10 20  0.7ï173 9 20 

Ca 0.2ï227 39 35  1.6ï399 40 55 

Mg 0.9ï58 9.9 10  0.2ï69 9.2 10 

Cl 0.7ï372 48 70  1.6ï645 58 90 

HCO3 1.5ï379 120 85  0ï220 64 45 

SO4 0.1ï133 15 20  0.1ï226 16 30 

NO3 NDï314 42 55  0.1ï927 65 140 

F NDï2.3 0.3 0.5  0.5ï2.4 0.7 0.5 

Fe NDï19 0.98 3.0   NDï12 0.66 2.0 
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between other variables in wet season (Table SM6.1). Fluoride shows moderate correlation 

with HCO3 and SO4 and weak correlation with all other variables in the wet season, and Fe 

shows no correlation with all parameters in both seasons. Clï significantly correlates with all 

parameters in wet season except pH, K+, NO3
ī, Fï and Fe. Unlike the wet season, it is positively 

correlated with all water quality parameters except pH, HCO3, F, and Fe, which implies 

anthropogenic sources. NO3
 and Cl displayed strong positive correlation during dry season, 

suggesting they were derived from both human and animal waste possibly from heavy 

application of chemical fertilizers, sewage and industrial effluents (Beshir et al., 2024; Dasari 

et al., 2024; Khan et al., 2023; Memon et al., 2023). Again, nitrate displayed a significant 

positive correlation with all variables in dry season except HCO3
ï, Fï, and Fe, contrary to the 

wet season where the association is very weak except for Fï and Fe which shows no association. 

This could be attributed to the intensive use of synthetic fertilizer in irrigated areas, specifically 

in Kano Irrigation Project (KIP), Hadejia Valley Project (HVP), and other irrigation projects 

along Hadejia-Nguru parts of the basin (Shuaibu et al., 2024). This is in line with the findings 

of Bijay-Singh & Craswell, (2021) that fertilizer N consumption in East and South Asia has 

adversely contributes to nitrate pollution of groundwater and surface water bodies. The 

correlation between Mg and Ca (r2 = 0.83, wet season, and r2 = 0.89, dry season) is an indication 

that magnesium in the groundwater is derived from either dissolution of carbonate minerals or 

weathering of silicate minerals such as biotite, pyroxene and amphibole in the study area. 

Likewise, SO4 and Ca displayed a moderate and strong positive correlation in the wet and dry 

season, signifying a probable dissolution of evaporite in dry season. 

6.6.2.2 Principal component analysis (PCA) 

Principal Component Analysis (PCA) was conducted on 13 groundwater variables, namely pH, 

EC, TH, Na, K, Ca, Mg, Cl, HCO3, SO4, NO3, F, and Fe in wet and dry season samples from 

the KomaduguïYobe basin. This analysis aimed to understand the hydrogeochemical processes 
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and identify sources of hydrochemical constituents within the groundwater of the basin. Three 

principal components (PCs) with eigenvalues greater than 1 were extracted for each season, as 

shown in Table 6.2. These components explain approximately 71.4 % and 75.4 % of the total 

variance for the wet and dry seasons, respectively. The loadings of the three PCs for the 

respective seasons are depicted in Figure 6.2c and d, illustrating the relationship between 

variables. Notably, the first component exhibits a significant correlation among variables than 

the subsequent components in both seasons, indicating its primary influence on hydrochemical 

variations. In the wet season, the first principal component (PC1) accounts for 52.3% of the 

variance in the groundwater dataset, with variables such as EC, TH, Na, K, Ca, Mg, Cl, HCO3, 

and SO4 displaying substantial positive loadings (Table 2). This suggests that PC1 is heavily 

influenced by geogenic processes, including weathering of minerals like plagioclase, biotite, 

amphibole, and orthoclase, as well as rockïwater interactions. Additionally, anthropogenic 

contributions from domestic discharges and agricultural activities play a role in influencing 

groundwater chemistry. In this season, all variables exhibit positive loadings in PC1, except 

Fe, which shows a weak correlation with other variables. The second principal component 

(PC2), explaining 11.3% of the variance, is marked by a strong negative loading on pH and 

significant positive loadings on K+ and NO3
ï. This pattern indicates non-point-source pollution 

from agricultural runoff and domestic waste. Elevated NO3
ï levels likely result from 

nitrification processes associated with the intensive use of nitrogenous fertilizers and manure 

in rain-fed farming. Furthermore, the widespread use of unimproved pit latrines and septic 

tanks in recharge areas can lead to nitrate leachate in groundwater (Chen et al., 2024; Dasari et 

al., 2024; Nyambar & Mohan Viswanathan, 2024). The third principal component (PC3) in the 

wet season, explaining 7.8 % of the variance, has significant positive loading on F and Fe, 

likely reflecting the influence of mineral weathering and dissolution, coupled with variations 
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in groundwater flow and sediment transport. These results corroborates with those obtained by 

Ait Said et al., (2023) in South-East of Morocco. 

Figure 6.2 Pearsonôs correlation analysis results (a) wet season (b) dry season. Loading plot 

of three PCs (PC1, PC2 and PC3) in 3D (c) wet season (d) dry season. 

 

(a) (b) 

(c) (d) 
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In the dry season, PC1 explains 55.7 % of the variance, with EC, TH, Na, Ca, Mg, Cl, SO4, and 

NO3 showing strong positive loadings. This component, like in the wet season, is influenced 

by mineral weathering and rockïwater interactions, as well as anthropogenic inputs from 

agriculture and domestic sources (Bijay-Singh & Craswell, 2021; Dasari et al., 2024; Nyambar 

& Mohan Viswanathan, 2024). All variables, except F and Fe, exhibit positive loadings in PC1. 

The second component (PC2) in the dry season, accounting for 11.5 % of the variance, features 

significant loadings on pH, HCO3
ï, and F, indicating a carbonate buffering effect that helps 

regulate groundwater pH. This buffering action suggests a distinct chemical environment 

compared to the wet season, with less contribution from agricultural runoff. Finally, PC3 in the 

dry season, which explains 8.2 % of the variance, again shows strong loading on F and notable 

loading on Fe. This component reflects the continued influence of mineral weathering and 

dissolution processes, particularly from biotite, pyroxene, and amphibole minerals (Dhaoui et 

al., 2023; Liu et al., 2023; Zhao et al., 2024). 

Table 6.2 Component matrix of groundwater quality parameters, eigenvalues, % total variance 

and % cumulative total variance.  

 

Parameters Wet Season   Dry Season 

  PC1 PC2 PC3   PC1 PC2 PC3 

pH 0.21 ï0.56 ï0.15  0.12 0.74 0.26 

EC 0.89 0.16 0.04  0.76 0.20 ï0.04 

TH 0.94 0.06 0.12  0.96 0.19 ï0.01 

Na 0.86 0.01 0.01  0.84 0.20 ï0.12 

K 0.45 0.51 0.004  0.71 ï0.17 0.06 

Ca 0.92 0.06 0.12  0.96 0.17 ï0.01 

Mg 0.86 0.06 0.10  0.88 0.20 ï0.02 

Cl 0.89 0.14 ï0.07  0.95 0.06 ï0.03 

HCO3 0.76 ï0.33 0.32  0.22 0.79 ï0.18 

SO4 0.80 0.01 0.17  0.87 0.17 ï0.03 

NO3 0.35 0.72 0.05  0.94 ï0.09 ï0.002 

F 0.47 ï0.44 0.45  ï0.11 0.47 ï0.53 

Fe ï0.06 ï0.24 ï0.88  ï0.12 0.13 0.83 

Eigenvalue 6.80 1.47 1.02  7.25 1.49 1.06 

Total variance (%) 52.30 11.31 7.83  55.73 11.49 8.17 

Cumulative total variance (%) 52.30 63.61 71.44   55.73 67.22 75.39 
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6.6.2.3 Hierarchical clustering analysis (HCA) 

Rïmode and Qïmode HCA were performed to 13 physicochemical parameters, to identify 

interrelationship between water quality parameters and samples with similar chemical 

composition using Wardôs method for wet and season samples. The Rïmode HCA produces 

three cluster groups for both seasons (Figure 6.3a and b, Table SM6.3). The first cluster reveals 

a strong association between EC, TH, Na, Ca, Mg, Cl, HCO3, SO4, and F for wet season 

samples. This suggests a mixed process of geogenic and anthropogenic inputs influence in the 

aquifer systems. Moreover, the dry season samples show an interrelationship between EC, TH, 

Na, Ca, Mg, Cl, SO4, and NO3 in the first cluster, suggesting geogenic processes of rock 

minerals and anthropogenic inputs (Dhaoui et al., 2023; Karmakar et al., 2023; Tziritis et al., 

2024). However, cluster 2 in the respective seasons presented  K and NO3, and K, implying 

influence of anthropogenic input from synthetic fertilizers and pit latrines leading to 

nitrification processes in the aquifer and a probable incongruent weathering of feldspar mineral 

(Bijay-Singh & Craswell, 2021). It is worth noting that cluster 3 is dominated by similar 

variables such as pH and Fe in wet season and pH, HCO3, F, and  Fe in dry season indicating 

slight variation in groundwater chemistry which could be due to interactions between various 

geochemical processes (Karmakar et al., 2023; Liu et al., 2020). 

 Like Rïmode HCA, Qïmode HCA performed on groundwater sampling points produced 3 

cluster groups in both seasons (Figure 6.3c and d, Table SM6.4). The first cluster comprises 56 

(46.7 %) groundwater samples for wet season and 67 (55.8 %) for dry season sampling points. 

The value of the EC in this cluster varies from 15 to 438 ɛS/cm with mean of 175 ɛS/cm and 

54 to 1266 ɛS/cm with mean of 324 ɛS/cm in the respective seasons dataset, which indicates 

less mineralized water which is evident in the concentrations of all the groundwater quality 

parameters (Elumalai et al., 2022; Spellman et al., 2024; Tziritis et al., 2024). Cluster 2 contains 

57 (47.5 %) and 48 (40 %) of the respective wet and dry seasons sampling points, with an EC 
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range of 188 to 2746 ɛS/cm with a mean value of 593 ɛS/cm and 70 to 3560 ɛS/cm with a 

mean value of 635 ɛS/cm. This signifies moderately mineralized water influenced by 

anthropogenic inputs. Furthermore, cluster 3 accommodates fewer sampling points for both 

seasons, with only 7 (5.8 %) in wet season and 5 (4.2 %) in dry season. Groundwater in these 

sampling points have an EC value ranging from 960 to 2503 ɛS/cm with mean value of 1732 

ɛS/cm and 1846 to 3320 ɛS/cm with mean value of 2465 ɛS/cm, signifying highly 

mineralized/low brackish water influenced by geogenic (plagioclase, biotite and pyroxene 

weathering and dissolution), salinization sources, and evaporation processes (Elumalai et al., 

2022; Tziritis et al., 2024). Figure 6.4a and b present the spatial distribution of groundwater 

cluster groups related to geology and electrical conductivities in the study area. It is obvious 

that the Precambrian basement parts of the basin were dominated by moderately and highly 

mineralized waters. This suggests weathering and dissolution of rock forming minerals 

(plagioclase, biotite, amphibole and pyroxene) in this region. However, less mineralized water 

predominates sedimentary quaternary parts of the study area.  
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Figure 6.3 Dendrogram of groundwater quality parameters showing different clusters (a) 

Wet season (b) Dry season. Dendrogram of sampling locations showing different clusters 

(c) Wet season (d) Dry season. 

(b) 
(a) 

(d) (c) 
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 Figure 6.4 Spatial distribution of groundwater clusters related with geology and electrical 

conductivities (a) wet season (b) dry season.  

 

6.6.3 Hydrochemical facies 

The Piper (1944) diagram for hydrochemical classification is presented in Figure 6.5a and b. 

Groundwater samples of wet season were plotted mainly in A, C, and D zones of  lowerïleft 

triangle. This suggests the samples are characterized by sodiumïtype, calciumïtype, and no 

dominant water type for cations. Moreover, the lower right triangle shows that groundwater 

samples of wet season were mainly plotted in G and F zones, signifying bicarbonate and 

chloride dominance. It is very clear that no samples are scattered in zones B and E, suggesting 

that Mg2+ and SO4
2ï are not among the major ions in wet season groundwater samples. 

Groundwater samples of wet season were projected onto zones 1, 2, and 4 of the central 

diamondïshaped plot (Figure 6.5a). This suggests that wet season groundwater samples are 

mainly Ca ï HCO3, Na ï Cl, and mixed water types.  In the same vein, the dry season 

groundwater samples were plotted in D and C zones of lowerïleft triangle, and a few plotted 

in zone A, indicating Na+ and Ca2+ as the predominant cations in dry season groundwater 

samples (Figure 6.5b). Furthermore, significant percentage of groundwater samples for dry 

season were plotted in G and F zones of lowerïright triangle (Figure 6.5b) indicating the 

(a) (b) 
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presence of HCO3
2ï and Clï anions (Hu et al., 2024; Yang et al., 2024; Zhang et al., 2024). It 

is obvious that dry season samples exhibited a wide range of hydrochemical compositions, and 

the vast majority of the samples were scattered in 1, 3, and 2 zones of central diamondïshaped 

plot (Figure 6.5b). This indicates that dry season groundwater samples were predominantly Ca 

ï Na ï HCO3, Na ï Cl, and mixed water types. In overall, groundwater of the study area in the 

respective seasons is greatly influenced by weathering of calcium and sodium feldspar minerals 

as well as anthropogenic contamination of surface water by irrigation return flows, drainage 

wastes and industrial discharges. Moreover, the dominance of Ca - HCO3 water indicates 

dissolution of carbonates driven by soil CO2 (Abu et al., 2024; Dasari et al., 2024; Elumalai et 

al., 2022; Liu et al., 2023; Subba Rao et al., 2022).  

 

 

 

(a) (b) 

Figure 6.5 Piper diagram for groundwater samples in KomaduguïYobe basin (a) wet season 

(b) dry season.  
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6.6.4 Geochemical Modelling 

Geochemical modeling of aqueous solutions using Geochemistôs WorkBench GWB software 

17.0 was employed to ascertain rockïwaterïmineral interactions using groundwater quality 

datasets. These modeling techniques have been extensively used in assessing mineral 

weathering of silicate and carbonate minerals dissolution (Bradai et al., 2022; Elumalai et al., 

2022; Ganyaglo et al., 2024; Liu et al., 2015; Trabelsi & Zouari, 2019). 

6.6.4.1 Saturation indices 

In this study, Geochemistôs WorkBench GWB software 17.0 was employed to determine 

saturation indices of various minerals in wet and dry seasons groundwater samples in 

KomaduguïYobe basin (Table 6.3). It was observed that a significant percentage of the samples 

shows undersaturation with respect to dolomite, calcite, and fluorite (Figure 6.6) with some, 

41 (34.2 %) and 4 (3.3 %), 27 (22.5 %) and 1 (0.83 %), and 1 (0.83 %) of the samples indicated 

near saturation with respect to dolomite, calcite, and fluorite in wet and dry seasons, 

respectively. Figure 6.6 presents the relationship between some selected saturation indices and 

electrical conductivities (EC). Few samples with high EC displayed over saturation with 

respect to dolomite and calcite. It is noteworthy that dolomite saturation is a proxy indicating 

high magnesium ions in the groundwater samples. This could be due to incongruent weathering 

of feldspar minerals. Therefore, the occurrence of dolomite in the study area is highly unlikely. 

Calcite mineral may be the main source of high Ca2+ and HCO3
- in the groundwater samples 

which results from congruent weathering and dissolution of calcite (Eq. (6.5)) (Elumalai et al., 

2022; Ganyaglo et al., 2024). Moreover, carbonate minerals could be due to various rock 

minerals in the study area viz plagioclase, biotite, pyroxene and amphibole minerals. Fluorite 

saturation could be due to a common ion effect with carbonates together with weathering and 

dissolution of fluoride bearing minerals such as granite gneisses, fluorite and biotite minerals 

as a results of rock-water interaction under high alkaline condition which could be the main 
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source of F- in the aquifers of the study area (Abu et al., 2024; Sunkari et al., 2025). Kumar et 

al., (2018) posit that fluoride concentration in aquifer system results from dissolution of biotite 

minerals (Eq. (6.6)). Fluoride concentration in groundwater could also result from dissolution 

of fluorite mineral (Eq. (6.7)). 

CaCO3 +CO2 +H2O ź Ca
2+ +2HCO3

-                                                                                                                           6.5 

KMg3(AlSi3O10)F2 + 2OH
-  Ÿ KMg3(AlSi3O10)(OH)2 +2F

-                                                          6.6 

CaF2 +2HCO3
- Ÿ CaCO3 +H2O +CO2 +2F

-                                                                                 6.7 

Figures SM6.1 and SM6.2 shows spatial distribution of saturation indices of groundwater 

samples related to geology and electrical conductivities (EC) for wet and dry seasons. The 

figures revealed that saturation indices above the mean values are largely concentrated in 

Precambrian basement parts of the study area. Furthermore, most of the oversaturation in both 

seasons for dolomite, calcite, and fluorite dominated in Precambrian basement complex region. 

This could be due to the presence of plagioclase, biotite, pyroxene and amphibole rock minerals 

in this region. However, few samples shows oversaturation with respect to dolomite, calcite, 

and fluorite in the sedimentary quaternary formation and sedimentary tertiary regions of the 

study area in the respective seasons. 

6.6.4.2 Partial pressures of carbon dioxide (pCO2)  

Geochemical processes of groundwater and reaction between groundwater and carbonate 

minerals are greatly influenced by partial pressure of carbon dioxide (pCO2) which acts as a 

source of acid (H+) for mineral weathering reactions (Trabelsi & Zouari, 2019). The partial 

pressures of CO2 of wet and dry season groundwater samples varied from 10
ï3.86 to 10ï1 atm 

with a mean value of 10ï2.36 atm and 10ï4.2 to 10ï1.34 atm with an average value of 10ï2.08 atm, 

respectively. It was observed that about 96.7% and 99.2% of groundwater samples in wet and 

dry seasons have pCO2 above atmospheric pCO2, which is about 10
ï3.5 atm. This indicates the 
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presence of CO2 in the groundwater system due to biological activity such as respiration of 

vegetation roots and decomposition of soil organic matters. The partial pressure of CO2 is 

observed to decrease as pH of wet and dryïseason groundwater samples increase (Figure 

SM6.3). This corresponds to the findings of  Adams et al., (2001); Elumalai et al., (2022); Liu 

et al., (2015) and Rajmohan et al., (2021). Negative correlation of ï0.61 and ï0.21 were 

observed in groundwater samples of wet and dry seasons which might be attributed to longer 

residence time, rockïwater interaction in aquifer systems and biogenic activities that produce 

CO2. According to Liu et al., (2015), negative correlation between pCO2 and pH signifies 

dissolution of feldspar along groundwater flow path, and the following reaction could be 

possible in the aquifer formations (Eq. (6.8)):  

Na2Al2Si6O16 + 2H2O + CO2 Ÿ Na2CO3 + H2Al2Si2O8 + H2O + 4SiO2                                                  6.8 

This reaction resulted in the consumption of CO2 and increase in concentration of Na+ and 

HCO3
ï
 leading to pH increase and partial pressure of CO2 decrease. It is established that the 

decay of organic and roots respiration releases CO2 which is the main source of HCO3
- in 

groundwater (Eqs. (6.9) and (6.10)).  

CO2 + H2O ŸH2CO3                                                                                                                                                                                 6.9 

H2CO3 Ÿ H
+ + HCO3

-                                                                                                                                                                              6.10 

Table 6.3 Descriptive statistics of mineral saturation indices. 

Minerals     Wet Season      Dry Season 

  Min Max Mean Std   Min Max Mean Std 

Calcite ï6.65 1.15 ï0.88 1.24  ï6.78 0.65 ï2.17 1.31 

Dolomite ï12.87 3.03 ï1.27 2.52  ï13.26 1.43 ï3.85 2.66 

Fluorite ï6.89 0.08 ï2.64 1.38  ï2.70 0.09 ï1.43 0.53 
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6.6.5 Hydrogeochemical Processes 

Gibbs plots, molar ratios, and bivariate plots were employed in this study to estimate various 

hydrogeochemical processes that influence groundwater chemistry in the study area. 

6.6.5.1 Gibbs plots 

Gibbs plots (Gibbs, 1970) was used in this study to identify the major geochemical mechanisms 

influencing the groundwater chemistry of the study area (Figure 6.7a and b). The figures show 

that majority of groundwater samples of wet and dry seasons were plotted in the region 

Figure 6.6 Saturation indices of some selected minerals against electrical conductivity of 

groundwater samples of wet and dry seasons. 
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characterized by rock weathering/rockïwater interaction dominance (Chen et al., 2024; Hu et 

al., 2024). A few samples with high TDS concentration during dry season were observed to 

trend towards evaporation dominance zone. Therefore, rock weathering is likely the 

predominant geochemical process controlling the chemistry of groundwater in the study area, 

except in a few areas associated with evaporation dominance during dry season. 

 

6.6.5.2 Evaporation 

Evaporation process has potential to increase concentration level of all ions present in 

groundwater in semiïarid areas due to climate change impacts. Na+/Clï vs EC plot was 

employed to determine the influence of evaporation processes on chemistry of groundwater in 

the study area (Figure 6.8a). According to Jankowski & Ian Acworth, (1997), when evaporation 

has significant influence on the chemistry of groundwater, Na+/Clï vs EC plot will remain 

consistent as EC increases. Figure 6.8a reveals that only a few samples during wet season 

follow evaporation trend line, which suggests that evaporation does not play a vital role in 

influencing the groundwater chemistry during wet season. However, an appreciable number of 

Figure 6.7 Gibbs plots of geochemical processes governing groundwater chemistry (a) cations (b) 

anions. 

 

(a) 
(b) 
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samples during dry season follow evaporation trend line, which signifies that evaporation could 

be among the factors influencing the groundwater chemistry during dry season. Na+/Clï ratios 

shows significant correlation in wet and dry seasons. Na+/Clï ratios enrichment and depletion 

were observed, which is an indicative of the influence of ion exchange and silicate dissolution 

in groundwater chemistry in respective seasons. However, most of the groundwater samples in 

the respective seasons deviated from 1:1 section. This suggests that Ca2+ is being exchanged 

for Na+ from clay minerals into water thereby increasing its salinity levels (Elumalai et al., 

2022; Hu et al., 2024). 

6.6.5.3 Carbonate Dissolution 

Carbonate minerals dissolution in groundwater produces Ca, Mg, and HCO3 ions (Elumalai et 

al., 2022; Rajesh et al., 2012; Rajmohan et al., 2017; Rajmohan & Elango, 2004). Molar ratio 

of Ca/Mg serves as a reliable indicator for calcite and dolomite dissolution processes within 

the groundwater system. Dissolution of dolomite will maintain Ca/Mg ratio of 1, but Ca/Mg 

ratio > 1 indicates dissolution of calcite, and the process of silicate weathering is associated 

with Ca/Mg ratios > 2 (Rajesh et al., 2012; Rajmohan et al., 2017). It is noteworthy that about 

81.67n% and 73.33 % of the respective seasonôs groundwater have Ca/Mg ratio > 2 (Figure 

6.8c). This implies that the groundwater samples are dominated by silicate weathering 

processes. Some portions of the samples were observed to cluster between values of 1 and 2 

on the Ca/Mg ratio scale, suggesting the dissolution of calcite which was described in Eq. (6.5). 

Moreover, the samples exhibited spatial distribution, and a few samples were closely aligned 

with the Ca/Mg = 1 line. This implies the occurrence of high magnesium carbonate dissolution, 

which is expressed by the following equation (Eq. (6.11)):  

CaMg (CO3)2 + 2H2O + 2CO2 Ÿ Ca
2+ + Mg2+ + 4HCO3

ï                                                            6.11 
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6.6.5.4 Silicate Weathering 

High Na in groundwater could be related to silicate rock weathering. According to Jankowski 

& Ian Acworth, (1997), Na/Cl ratio remains constant if evaporation is the prevailing 

mechanism in the absence of mineral precipitation. The dissolution of halite can result in Na/Cl 

ratio = 1 if present, however, Na/Cl ratio > 1 increases Na concentration in groundwater system 

due to silicate weathering and cation exchange processes. Figure 6.8a presents Na/Cl vs EC for 

wet and dry seasons in KomaduguïYobe basin. A significant increase in Na/Cl ratio is observed 

when electrical conductivity (EC) value is below 500, particularly in wet season groundwater 

samples. It was observed that 78.33 % and 71.67 % of respective wet and dry season samples 

exhibited Na/Cl > 1. This high Na+ ion concentration could potentially originate from silicate 

weathering and/or cation exchange process (Figure 6.8a). Furthermore, Na/Cl and EC plots 

show significant number of samples above evaporation line, particularly in wet season. 

However, few dry season samples were observed in evaporation zones. Therefore, silicate 

weathering with ion exchange is likely the primary processes that controls the chemistry of 

groundwater during both seasons (Abuet al., 2024; Yang et al., 2024). 

According to Rogers, (1989), if sodium is likely from silicate weathering by soil CO2, 

groundwater would have bicarbonate (HCO3) as the predominant anion. The release of HCO3 

is attributed to the reaction between feldspar crystals and carbonic acid in water. HCO3
ï is the 

prevailing anionic species found in groundwater of the study area (Table 6.1). Bivariate ratio 

plots indicate that silicate weathering is the primary geochemical process influencing 

groundwater chemistry in the basin, rather than carbonate and evaporite dissolution (Figure 

6.8d & e). Geochemical evolution of groundwater is characterized by silicate weathering, 

carbonate dissolution, cation exchange, and evaporative dissolution (Adimalla & Taloor, 2020; 

Banda et al., 2020; Elumalai et al., 2020, 2022; Ganyaglo et al., 2024; Liu et al., 2023; Rajesh 

et al., 2012; Rajmohan et al., 2017; Rajmohan & Elango, 2004; Sikakwe & Eyong, 2022; Singh 
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et al., 2017; Yang et al., 2024). The impact of evaporite dissolution appears to be limited in the 

basin. However, it is visible in a few locations during the dry season. This observation is 

indicative of prevalence of silicate source rocks and limited presence of evaporites, such as 

halite and gypsum. The latter are commonly related to deposits characterized by poorer 

permeability, inadequate flushing, and the presence of shale or marl (Banda et al., 2020; Yuan 

et al., 2024).The process of silicate weathering can be explained using the following weathering 

reaction (Eq. (6.12)):  

2NaAlSi3O8 + 2H2CO3 + 9H2O Ÿ Al2Si2O5(OH)4 +2Na
+ +4H4SiO4 + 2HCO3

ï                             6.12 

6.6.5.5 Ion exchange reactions 

Ion exchange and different weathering processes are best described using Na/Cl vs. EC plot 

(Figure 6.8a). The figure shows an increase in Na ion by ion exchange processes in water 

samples of both seasons. Therefore, the cation exchange process is the predominant mechanism 

that controls groundwater chemistry in the respective wet and dry seasons compared to reverse 

ion exchange. Ion exchange processes in aquifer system have been explained in several studies 

using chloroalkaline indices (CAIïI and CAIïII) (Eqs. (6.3) & (6.4)). Positive values of  

chloroalkaline indices indicate the occurrence of reverse ion exchange, whereas negative 

values indicate cation exchange reaction (Abu et al., 2024; Elumalai et al., 2022; Mgbenu & 

Egbueri, 2019). High Cl over Na and K results in positive chloroalkaline indices, suggesting 

reverse ion exchange reactions. Conversely, high Na and K compared to Cl result in negative 

values, indicating cation exchange processes (Ganyaglo et al., 2024). When the values of 

chloroalkaline indices are positive, Mg and Ca ions are exchanged with Na and K ions in water. 

Conversely, when chloroalkaline indices have negative values, it suggests that there is 

exchange of Mg or Ca ions in groundwater with Na or K ions in host rocks. Figure 6.8f shows 

positive correlation between CAIïI and CAIïII. 86.67 % of the samples had negative 

chloroalkaline index values during the wet season, whereas 80 % had negative values during 
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the dry season. However, 13.33 % and 20 % have positive values during the respective seasons 

suggesting that cation exchange reaction is predominant in the groundwater system compared 

to reverse ion exchange process. Cation exchange can be explained in the following reactions 

(Eq. (6.13) and (6.14)):  

2Na+ + CaX2 = Ca
2+ + 2NaX                                                                                                             6.13 

Ca2+ + 2NaX = 2Na+ + CaX2                                                                                                                                                               6.14 

Where X is the cation exchange sites. 
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Figure 6.8 Bivariate plots of: (a) Na/Cl vs. EC; (b) Na vs. Cl (c) Ca/Mg vs. HCO3 (d) Mg /Na vs Ca/Na
 

(e) HCO3/Na vs Ca/Na (f) CAIïII vs. CAIïI. 
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