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Aims and Scope of the Series

The world of Earth Sciences, considering the interactions within the geosphere
and between the geosphere-biosphere, is a place in which a large number of scien-
tists find and have found over time their own relationship or sector of application
precisely because it is absolutely transversal to many disciplines and subdisci-
plines, which do not necessarily fall within the Geosciences. The objective of this
book series is to welcome original scientific contributions both in consolidated
contexts and in new frontiers of research, as well as review papers included in the
various disciplines of Earth Sciences, but above all, those that show a modern and
transversal vision of applications and impacts on the community in a particular
historical context, which, following the COVID-19 pandemic, has shifted global
attention to sectors that were previously more neglected. In particular, those of
mining research and fossil and renewable energy sources, environmental geology
and the sustainable use of natural resources and impacts on the built environment,
land consumption, geoarchaeology, forensic geology, geotourism/geoheritage,
georisks and climate and environmental changes, considered at different scales, up
to new applications of geostatistical and geospatial analysis, GIS and artificial in-
telligence for the definition of forecasting models and scenarios in various sectors
of basic and applied research.






Meet the Series Editor

Dr. Maurizio Lazzari has a Ph.D. in Earth Science and is a research-
er at the Italian National Research Council, Institute of Cultural
Heritage Sciences. Since 2001, Dr. Lazzari has been a Professor of
Pedology at the University of Basilicata (Italy) and a geoarchae-
ologist at the University of Salento (Italy). His research activities
are focused on natural and anthropic hazards and risk factors,
aimed at safeguarding and conserving settlements and the histori-
cal-monumental heritage of the Mediterranean, with particular attention to landslide
processes, susceptibility maps, monitoring, and modelling. Since 2004, he has been
working as a scientific coordinator for several national research projects studying
landslides and triggering factors, natural and anthropogenic risks, geological and
geomorphological mapping, soil erosion, preservation of historical and archaeologi-
cal sites, enhancement of degraded areas, geo-touristic use, and the protection of the
landscapes. He is the author of about 150 scientific publications in national and inter-
national journals, monographs, book chapters, and conference proceedings concern-
ing applied geology, geomorphology, dynamics of artificial reservoirs, soil erosion,
landslides, geoarchaeology, hydrogeological instability, natural hazards, monitoring,
cultural landscape, UNESCO Heritage, geoarchaeology, and geo-tourism.
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Preface

As the foundation of life, water frequently discloses its deepest secrets. In the
complicated world of groundwater, each earthly stratum narrates a tale of compli-
cated relationships, environmental challenges, and crucial resource management.
With an emphasis on Africa’s varied and dynamic landscapes, this edited volume,
Groundwater Frontiers — Techniques and Challenges, presents a thorough investigation
of groundwater systems.

This book starts with a comprehensive analysis of clay minerals and their crucial
function in treating and protecting groundwater. Researchers can create more
efficient methods for managing water resources and preventing contamination by
comprehending underground ecosystems’ basic chemical and physical interactions.

In the following chapter, the volume explores the complex dynamics of local hydro-
geological systems. Evaluating groundwater fluctuations in East Africa’s Abbay River
Basin offers an engaging example of how environmental variables complexly affect
water systems. Understanding the intricate relationships between climate, water
resource availability, and geological formations requires this knowledge.

The book then transitions to groundwater resource management, highlighting inno-
vative approaches to sustainable protection. Targeted conservation techniques are
crucial for maintaining these essential underground water resources, as evidenced by
the thorough investigation of recharge zone delineation in Bidou, South Cameroon.

Advanced hydro-geophysical study methodologies are presented in the following
chapters, where technological innovation takes the main stage. The Upper River
Atbara Watershed case study serves as an example of how scientific approaches can
be used to evaluate groundwater potentiality in difficult dry and semiarid conditions.
The University of Benin case study provides readers with an in-depth knowledge of
contemporary subsurface research techniques by complementing the findings with
integrated geophysical techniques.

A more comprehensive view is given in the last chapter, which offers an overview of
groundwater occurrence and the various difficulties Nigeria faces. This geographical
analysis microscopically represents the larger water resource management problems
faced by many developing countries.

Groundwater Frontiers — Techniques and Challenges aims to bridge scientific research,
technological innovation, and real-world resource management by bringing these dis-
parate viewpoints together. We hope this volume will not only contribute to academic
discourse but also inspire pragmatic solutions to some of the most pressing water
resource challenges of our time.



This collection is the outcome of the combined efforts of scientists committed to
comprehending, safeguarding, and responsibly managing one of the most valuable
resources on Earth—the water that silently runs beneath our feet.

XVI

Walid Oueslati

Physics Department,

Faculty of Sciences of Bizerte,
University of Carthage,
Bizerte, Tunisia
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“To the loving memory of my father, Eng. Rachid Oueslati, who passed away on
05/12/2024. His guidance, support, and values continue to inspire me every day’.
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Hydrogeological Systems







Chapter1

A Critical Review of Clay Minerals
for Groundwater Protection and
Treatment

Chadha Mejri and Walid Oueslati

Abstract

Beneath the Earth’s surface lies a hidden realm of immense environmental and
ecological significance—groundwater. This vital resource is faced with increasing threats
from a myriad of contaminants, both natural and anthropogenic. Clay minerals, often
overlooked components of geological formations, serve as nature’s heroes in protecting
and remediating groundwater. This chapter highlights the remarkable role of clay miner-
als, particularly montmorillonite, in safeguarding groundwater. Their unique physico-
chemical properties enable them to function as natural filters, adsorbents, and barriers
against pollutants, with exceptional efficiency in ammonium removal through interlayer
sites and cation exchange mechanisms. The chapter details how clay minerals manage
harmful substances, preventing their spread into aquifers, and examines engineered
clay solutions in groundwater remediation, emphasizing advancements in nanotechnol-
ogy and material science. The chapter also addresses the challenges and limitations of
clay minerals in different geological contexts and contamination scenarios, providing a
balanced perspective on their role in groundwater protection. By shedding light on these
‘unsung heroes’, we aim to foster a deeper appreciation for the intricate natural systems
that help maintain groundwater quality and inspire innovative approaches to water
resource management and environmental remediation.

Keywords: clay minerals, montmorillonite, ion exchange, groundwater contamination,
heavy metals, organic pollutants, stressed materials, geological barrier, radioactive
contamination, structural analysis, intercalation

1. Introduction

Water is the lifeblood of our planet, and groundwater represents one of its most
crucial reservoirs. Comprising approximately 30% of the world’s freshwater resources,
groundwater plays a vital role in sustaining ecosystems, agriculture, and human popu-
lations [1]. However, this invisible yet indispensable resource faces mounting threats
from contamination, overexploitation, and climate change [2]. As the global demand
for clean water continues to rise, the protection and remediation of groundwater have
become pressing environmental challenges. Among the various natural and engineered
solutions proposed to address these issues, clay minerals have emerged as particularly
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promising agents. These microscopic particles, formed through the weathering of
rocks over geological timescales, possess unique properties that enable them to interact
with a wide range of contaminants [3-5]. Clay minerals, especially smectites like mont-
morillonite, exhibit remarkable adsorption capacities, ion exchange properties, and
barrier functionalities that make them effective in trapping and immobilizing various
pollutants [6-8]. Their ubiquity in many geological formations means they often serve
as nature’s first line of defense against groundwater contamination. Moreover, their
abundance and low cost make them attractive materials for engineered remediation
solutions [9]. This chapter explores the multifaceted role of clay minerals in groundwa-
ter protection and remediation, with a particular focus on montmorillonite. It begins
by examining the structural and chemical characteristics that underpin their environ-
mental functions. The chapter then delves into the mechanisms by which clay minerals
interact with different classes of contaminants, including heavy metals, organic pollut-
ants, and emerging contaminants of concern. Recent advancements in nanotechnology
and materials science have opened new avenues for enhancing the natural capabilities
of clay minerals. It discusses these developments, including the creation of organoclays
and polymer-clay nanocomposites, which show promise in improving contaminant
removal efficiencies [10]. While celebrating the potential of clay minerals, this chapter
also addresses the challenges and limitations of their application in different geological
and contamination contexts. Factors such as competing ions, organic matter content,
and pH can significantly influence their performance [11]. By providing a comprehen-
sive overview of the role of clay minerals in groundwater protection and remediation,
this chapter aims to foster a deeper understanding of these ‘unsung heroes’ of nature. It
is hoped that this knowledge will contribute to more effective strategies for preserving
one of our most precious resources—clean groundwater.

2. Clay minerals: Nature’s sorbents
2.1Ion exchange: A key mechanism for contaminant adsorption

The presence of charged layers in clay minerals leads to one of their most impor-
tant properties: cation exchange capacity (CEC). This characteristic allows clay
minerals to adsorb and retain various cationic contaminants through ion exchange
processes (Figure1).

2.1.1 Cation exchange capacity (CEC)

CEC is a measure of the clay’ ability to hold positively charged ions. It’s typi-
cally expressed in milliequivalents per 100 grams of clay (meq/100 g). Different
clay minerals have varying CECs; for instance, montmorillonite has a high CEC
(80-150 meq/100 g), while kaolinite has a lower CEC (3-15 meq/100 g) [11-14].

2.1.2 Mechanism of ion exchange

The process of ion exchange involves the replacement of weakly bound cations on
the clay surface (often Na*, K*, Ca*, or Mg2+) with other cations from the surround-
ing solution. This exchange is governed by factors such as the valence and hydrated
radius of the ions, as well as their concentration in solution [15]. For example, when a
clay mineral encounters a solution containing heavy metal ions like Pb** or Cu®", these
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Figure 1.
Mechanism for clay-contaminant interaction.

contaminants can replace the naturally occurring cations on the clay surface. This
process effectively removes the contaminants from the aqueous phase, immobilizing
them on the clay mineral [7, 8, 16-20].

2.1.3 Selectivity in ion exchange

Clay minerals often exhibit preferential adsorption for certain ions over others. This
selectivity is influenced by factors such as the hydrated radius of the ion, its valence, and
its concentration. Generally, clay minerals show a preference for ions with higher valence
and smaller hydrated radii. The lyotropic series, which orders cations based on their
replacing power, is often used to predict these preferences: Cs* > Rb* > K* > Na* > Li* for
monovalent cations, and Ba** > S©** > Ca** > Mg2+ for divalent cations [17-20].

2.2 Structural characteristics of clay minerals

Clay minerals are phyllosilicates with a sheet-like structure and microscopic
particle size (< 2 pm), giving them exceptional sorptive properties. They consist of
tetrahedral silica and octahedral alumina sheets, which combine to form various clay
types, (Figure 2) [3].

2.2.1 High surface avea

Clay minerals have an exceptionally high surface area to volume ratio due to their
small particle size and layered structure. For example, montmorillonite, a common
clay, has a specific surface area of 600-800 m*/g [9], offering numerous sites for
contaminant adsorption and making clay minerals effective natural sorbents.

2.2.2 Charged layers

The layered structure of clay minerals generates permanent negative surface
charges due to isomorphous substitution, where lower valence cations replace higher
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Figure 2.
The basic building blocks of clay minevals: tetrahedral silica sheets and octahedral alumina sheets.

valence ones (e.g., AP replaced by Mg2+ in the octahedral sheet) [12]. Additionally,
pH-dependent charges at particle edges, arising from the protonation or deproton-
ation of surface hydroxyls, enable clays to adjust their sorption behavior based on
environmental conditions (Figure 3) [13].

2.3 Implications for groundwater protection and remediation

The high surface area, charged layers, and ion exchange capabilities of clay minerals
make them powerful natural tools for groundwater protection and remediation. They can
effectively trap a wide range of cationic contaminants, including heavy metals, radioac-
tive elements, and certain organic pollutants. Moreover, the understanding of these
properties has led to the development of engineered clay-based materials for enhanced
contaminant removal. These include organoclays, pillared clays, and clay-polymer nano-
composites, which build upon the natural sorptive properties of clay minerals to create
even more effective sorbents for groundwater remediation [21]. By elucidating these fun-
damental characteristics and mechanisms, we lay the groundwork for understanding the
crucial role that clay minerals play in protecting and remediating groundwater resources.

3. Characterization techniques

Understanding the properties of clay minerals and their interactions with
contaminants requires a suite of advanced analytical techniques. These methods
provide essential insights into clay mineral structure, composition, surface prop-
erties, and mechanisms of contaminant binding. Each technique offers unique
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Figure 3.
The layered structure of clay minerals.

advantages, allowing for a comprehensive characterization of the clay-mineral
system.

3.1 X-ray diffraction (XRD)

Principle: X-ray Diffraction (XRD) is a fundamental technique used to identify
and quantify clay minerals based on their crystalline structure. The principle of XRD
is governed by Bragg’s Law (Eq. (1)):

[nA =2dsind] 1)

Where:

* () isthe order of reflection (an integer),

* (A) isthe wavelength of the X-rays,

* (d) is the spacing between crystal planes,

* () is the angle of incidence.
3.1.1 Applications in clay mineral analysis
XRD is employed to:
* Identify clay mineral types based on their characteristic d-spacings.

* Quantify the abundance of clay minerals within mixtures.
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* Determine changes in interlayer spacing due to contaminant intercalation.

Example: In an analysis of heavy metal adsorption on montmorillonite, XRD
revealed an increase in the d001 spacing from 12.5 A to0 15.2 A following Pb** adsorp-
tion, indicating that lead ions had intercalated between the clay layers [22].

Advanced XRD techniques:

* Rietveld refinement: Provides accurate quantification of mineral phases by fit-
ting the entire diffraction pattern.

* Insitu XRD: Allows the study of clay-contaminant interactions under varying
conditions such as temperature and humidity.

3.2 Fourier transform infrared spectroscopy (FTIR)

Principle: FTIR spectroscopy provides information about molecular structure and
bonding by measuring the absorption of infrared radiation. The wavenumber v of
absorbed radiation is related to the force constant (k) and the reduced mass (p) of the

vibrating atoms (Eq. (2)):
1 fk
|:V = E ;:| (2)

3.2.1 Applications in clay-contaminant studies

FTIR is used to:
¢ Identify functional groups in clay minerals and adsorbed contaminants.
* Study surface complexation mechanisms.

* Investigate intercalation processes.

Example: FTIR analysis of Cr(VI) adsorption on kaolinite showed a shift in the
Al-OH stretching band from 3620 cm™ to 3610 cm ™, indicating inner-sphere com-
plexation of chromate ions on the clay surface [22].

3.3 X-ray photoelectron spectroscopy (XPS)

Principle: X-ray Photoelectron Spectroscopy (XPS) analyzes the elemental
composition and chemical state of elements on clay mineral surfaces based on the
photoelectric effect. The kinetic energy ((Ek )) of emitted electrons is related to the
binding energy ((Eb )) of the electron and the energy of the incident X-ray photon

((hv)), (Eq. (3)).
[Ek =hv—E, _¢] 3

Where (¢) is the work function of the spectrometer.
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3.3.1 Applications in clay-contaminant studies
XPS is used to:
* Determine the elemental composition of clay surfaces.
* Analyze the oxidation states of adsorbed contaminants.

* Investigate surface complexation mechanisms.

Example: XPS analysis of U(VI) adsorption on montmorillonite revealed the
formation of both inner-sphere and outer-sphere surface complexes based on shifts in
the U 4£7/2 binding energy.

3.4 Nuclear magnetic resonance (NMR) spectroscopy

Principle: Nuclear Magnetic Resonance (NMR) spectroscopy provides infor-
mation about the local chemical environment of atoms in clay minerals and
contaminants. The resonance frequency ((v)) of a nucleus is related to the applied
magnetic field strength ((B,) and the gyromagnetic ratio ((7)) of the nucleus

(Eq- 4)):

2]

3.4.1 Applications in clay-contaminant studies

NMR is used to:
* Investigate clay mineral structure and composition.
* Study intercalation processes and interlayer environments.

* Analyze contaminant speciation and binding mechanisms.

Example: Al MAS NMR spectroscopy was utilized to study the intercalation of
organic pollutants in montmorillonite, revealing changes in the local environment of
aluminum atoms due to the expansion of interlayer spaces [23].

3.5 Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM)

Principles:

* SEM: Based on the interaction of a focused electron beam with the sample
surface, providing surface morphology.
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* TEM: Based on the transmission of electrons through an ultra-thin sample, offer-
ing internal structure details.
3.5.1 Applications in clay-contaminant studies

SEM and TEM are used for:
* Visualizing clay mineral morphology and particle size.
* Imaging contaminant distribution on clay surfaces.

* Conducting elemental mapping using Energy Dispersive X-ray Spectroscopy
(EDS).

Example: High-resolution TEM imaging combined with EDS mapping revealed
the formation of nano-sized lead phosphate precipitates on kaolinite surfaces after
Pb”* adsorption in the presence of phosphate [24].

3.6 Synchrotron-based techniques
3.6.1 X-ray absorption spectroscopy (XAS)

Principle: X-ray Absorption Spectroscopy (XAS) relies on the absorption of X-rays
by atoms at energies near and above the binding energies of core electrons.

Applications:

* Determining oxidation states of adsorbed contaminants.

* Analyzing the local coordination environment of adsorbed species.

* Investigating surface complexation mechanisms.

Example: Extended X-ray Absorption Fine Structure (EXAFS) analysis revealed

that Zn*" forms both tetrahedral and octahedral inner-sphere complexes on montmo-
rillonite surfaces, with distribution depending on pH and ionic strength [25].

3.6.2 Micro-X-ray fluorescence (u-XRF) and micro-X-ray absorption near edge
structure (u-XANES)

Applications:

* Spatially resolved elemental mapping of contaminants on clay surfaces.

* Insitu analysis of contaminant speciation at the micron scale.

Example: Combined p-XRF and p-XANES analysis of arsenic-contaminated soil

revealed the co-localization of As(V) with iron-rich clay minerals, highlighting the
role of iron oxides in arsenic immobilization.
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In summary, these advanced characterization techniques provide crucial insights
into the properties and interactions of clay minerals with contaminants. Integrating
data from multiple techniques enhances our understanding of the complex processes
involved in contaminant adsorption, intercalation, and immobilization, thus inform-
ing effective groundwater management and remediation strategies.

4. The decontamination power of clay minerals

Clay minerals exhibit remarkable versatility in their ability to absorb a wide range
of contaminants from groundwater. This section explores their effectiveness against
various pollutants and the factors influencing their performance.

4.1 Adsorption of heavy metals

Heavy metal contamination poses a significant threat to groundwater quality and
human health. These toxic elements, such as lead, cadmium, arsenic, and mercury,
can enter groundwater systems through various sources, including industrial efflu-
ents, agricultural runoff, and the natural weathering of rocks. Once in groundwater,
they can contaminate drinking water supplies, leading to serious health problems,
including neurological disorders, kidney damage, and cancer.

Clay minerals, with their unique structural and chemical properties, have demon-
strated exceptional capacity for removing heavy metals from aqueous solutions. Their
high surface area, cation exchange capacity, and ability to form stable complexes with
metal ions make them effective adsorbents. The adsorption process involves the bind-
ing of heavy metal ions to the surface of the clay mineral, either through ion exchange
or surface complexation. Several studies have confirmed the efficacy of clay minerals
in removing heavy metals from contaminated groundwater. For example, Liang et al.
and Dou et al. [22, 23] found that montmorillonite, a common clay mineral, was
highly effective in adsorbing lead and cadmium from wastewater. Similarly, Caraballo
etal. [24] demonstrated the ability of kaolinite to remove arsenic from groundwater.
The adsorption of heavy metals by clay minerals is influenced by various factors,
including the type of clay mineral, the concentration of heavy metals, the pH of the
solution, and the presence of competing ions. By understanding these factors, it is
possible to optimize the use of clay minerals for groundwater remediation.

4.1.1 Mechanism of heavy metal adsorption

The adsorption of heavy metals onto clay minerals primarily occurs through ion
exchange, surface complexation, and precipitation [9]. The negatively charged sur-
faces of clay minerals attract positively charged metal ions, facilitating their removal
from solution [7, 16, 25-27].
4.1.2 Effectiveness for different heavy metals

Recent studies have demonstrated the efficiency of various clay minerals in
removing heavy metals:

11
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* Montmorillonite has shown high adsorption capacities for Pb(II), Cu(II), and
Zn(II) [6].

* Kaolinite has been effective in removing Cd(II) and Ni(II) from aqueous solu-
tions [28].

* Bentonite has demonstrated strong adsorption of Cr(VI) and As(V) [29].
4.2 Sequestration of organic pollutants

Clay minerals also play a crucial role in the remediation of organic contaminants,
including pesticides, pharmaceuticals, and industrial chemicals. These compounds
can enter groundwater systems through agricultural runoff, wastewater discharges,
and accidental spills, posing a significant threat to both human health and the
environment. The adsorption of organic contaminants by clay minerals is influ-
enced by several factors, including the molecular structure of the contaminant, its
hydrophobicity, and the surface properties of the clay mineral. Clay minerals with
high surface area and a large number of negatively charged sites are particularly
effective in adsorbing organic pollutants. Studies have shown that clay minerals
can effectively sequester a wide range of organic contaminants. For example, Mejri
etal. [30] demonstrated the ability of montmorillonite to remove pesticides such as
atrazine and glyphosate from contaminated water. Similarly, Mejri et al. [31] found
that kaolinite was effective in adsorbing pharmaceuticals, including ibuprofen and
acetaminophen. In addition to adsorption, clay minerals can also degrade some
organic contaminants through catalytic processes. This degradation can lead to the
formation of less harmful or harmless byproducts. For instance, Jiang et al. [32]
reported that certain clay minerals can catalyze the degradation of pesticides and
pharmaceuticals.

4.2.1 Mechanisms of organic pollutant adsorption

The adsorption of organic pollutants involves multiple mechanisms, including
hydrophobic interactions, hydrogen bonding, and Van der Waals forces [32]. The
interlayer spaces of expandable clays like montmorillonite provide additional sites for
organic molecule intercalation.

4.2.2 Effectiveness for diffevent ovganic pollutants

Recent research has highlighted the potential of clay minerals in removing various
organic contaminants:

* Smectites have shown high adsorption capacities for pharmaceuticals like tetra-
cycline and ciprofloxacin [33, 34].

* Organically modified clays have demonstrated enhanced removal of hydropho-
bic organic compounds such as polycyclic aromatic hydrocarbons (PAHs) [35].

* Natural and modified sepiolite have been effective in removing phenolic com-
pounds from water [36].
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4.3 Natural clay minerals as efficient adsorbents for NH** removal: Mechanisms,
capacities, and environmental influences

Clay minerals have emerged as promising and cost-effective materials for ammo-
nium (NH*") removal from wastewater due to their unique structural properties and
high cation exchange capacity. Natural clay minerals demonstrate varying degrees
of effectiveness, with vermiculite (50.06 mg/g) and montmorillonite (40.84 mg/g)
showing the highest ammonium adsorption capacities among studied clay minerals
[37]. The adsorption mechanism primarily relies on cation exchange, with additional
contributions from negatively charged surfaces, water absorption processes, and
surface morphology. Recent research by Peng et al. [38] has demonstrated that NH4+
adsorption capacity follows a hierarchical order: vermiculite ~ montmorillonite >
illite > kaolinite ~ chlorite, with the superior performance of vermiculite and mont-
morillonite attributed to their unique interlayer adsorption sites, complementing
their surface and edge sites. The adsorption process is remarkably efficient, reaching
equilibrium within minutes under optimal conditions, with maximum adsorption
typically achieved within 30 minutes using a dosage of 0.3 g/25 mL at pH 7 [39].
Environmental factors significantly influence adsorption efficiency, with parameters
such as pH, temperature, salinity, and initial NH** concentration playing crucial roles
in the process [40]. These clay minerals follow the Freundlich Model for adsorption,
suggesting energetically heterogeneous surface sites for NH4+ binding. Furthermore,
as highlighted by Alshameri et al. and Yu et al. [41, 42], while these natural clay
minerals demonstrate excellent removal capabilities for various cationic pollutants,
ongoing research continues to explore modifications and developments to enhance
their adsorption performance and potential applications in pollution control systems.

4.4 Immobilization of radioactive contaminants

The ability of clay minerals to immobilize radioactive contaminants is of particular
interest in the context of nuclear waste management and the remediation of contami-
nated sites. Radioactive waste, generated from nuclear power plants, medical facilities,
and research laboratories, contains a variety of radionuclides that can pose significant
health and environmental risks if released into the environment. Clay minerals, with
their unique structural and chemical properties, can effectively trap and immobilize
radioactive contaminants, preventing their migration into groundwater and the sur-
rounding environment. The adsorption of radionuclides by clay minerals is influenced
by factors such as the type of clay mineral, the pH of the solution, and the presence
of competing ions. Studies have demonstrated the effectiveness of clay minerals in
immobilizing radioactive contaminants. For example, Eturki et al. [43] found that
montmorillonite was highly effective in adsorbing radionuclides such as cesium and
strontium from contaminated water. Similarly, Kozak and Domka [44] reported the use
of kaolinite as a barrier material to prevent the migration of radioactive contaminants
from a nuclear waste disposal site. In addition to adsorption, clay minerals can also form
stable complexes with radionuclides, further enhancing their immobilization. This can
be particularly important for radionuclides that are prone to leaching or migration.

4.4.1 Mechanisms of radionuclide adsorption

Clay minerals can immobilize radionuclides through ion exchange, surface com-
plexation, and incorporation into the clay structure [45].
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4.4.2 Effectiveness for different vadionuclides

Recent studies have demonstrated the potential of clay minerals in radionuclide
immobilization:

* Bentonite has shown high sorption capacities for cesium (Cs) and strontium
(Sr) [46].

* Montmorillonite has been effective in immobilizing uranium (U) and thorium
(Th) [47].

¢ Illite has demonstrated strong affinity for plutonium (Pu) and americium (Am)
[48].

4.5 Factors influencing adsorption efficiency

The effectiveness of clay minerals in contaminant adsorption is influenced by vari-
ous environmental and chemical factors. All factors are summarized in Figure 4.

4.6 Case study: Simulating radionuclide migration in montmorillonite

To illustrate the complex interactions between clay minerals and radionuclides,

a case study using PHREEQC, a widely-used geochemical modeling software, is
presented. This example focuses on the migration of cesium-137 (*’Cs), a common
radionuclide of concern in nuclear waste management, through a montmorillonite
barrier.

Montmorillonite, a smectite clay mineral with a high cation exchange capacity and
alayered structure, is recognized as providing numerous sites for the adsorption of
cations, including **’Cs. By modeling the migration of '*’Cs through a montmorillon-
ite barrier, insights into the factors that influence radionuclide transport and reten-
tion in clay-rich environments can be gained.

The PHREEQC model will incorporate the following key parameters:

* Clay mineral properties: The cation exchange capacity, surface area, and miner-
alogical composition of the montmorillonite will be considered.

* Radionuclide properties: The concentration, speciation, and sorption behavior
of ¥Cs will be included.

* Groundwater chemistry: The pH, ionic strength, and composition of the ground-
water will be accounted for.

* Flow conditions: The hydraulic gradient and flow velocity through the barrier
will be simulated.

The transport of "*’Cs through the montmorillonite barrier under various condi-
tions, such as different groundwater chemistry, flow rates, and 137Cs concentrations,
will be simulated by the model. By analyzing the model results, the effectiveness of
the montmorillonite barrier in retaining '¥’Cs and identifying factors that may influ-
ence its migration can be evaluated.
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Figure 4.
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This case study will provide valuable information for the design and imple-
mentation of clay-based barriers for nuclear waste disposal and the remediation of
contaminated sites. By understanding the interactions between clay minerals and
radionuclides, more effective strategies for managing the long-term risks associated

with radioactive waste can be developed.

The simulation considers a one-dimensional column of compacted montmorillon-
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ite, 1 meter in length, with the following parameters:

* Porosity: 0.4.

* Bulk density: 1.6 g/cm’.

* Cation Exchange Capacity (CEC): 100 meq/100 g.

* Initial porewater composition: Na-Cl type (0.01 M).

* Influent solution: 1E-6 M *¥Cs in 0.01 M NaCl.

* Flow rate: 1 m/year.
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4.6.1 PHREEQC model components

The PHREEQC model incorporates aqueous speciation of cesium (Cs) and
competing ions, cation exchange reactions on montmorillonite surfaces, and
advective-dispersive transport through the clay column. The cation exchange
reactions are modeled using the Gaines-Thomas convention, with selectivity
coefficients for Cs-Na exchange on montmorillonite derived from experimental
data [43]. This comprehensive approach allows for a detailed simulation of cesium
migration through the clay barrier, considering both chemical and physical
processes (Figure 5).

4.6.2 Simulation results

The PHREEQC simulation provides insights into the migration of **’Cs through
the montmorillonite barrier. Breakthrough curves predict significant retarda-
tion of "¥’Cs compared to a non-reactive tracer, with a delay of approximately
500 years at the column outlet. Spatial distribution analysis reveals a sharp
concentration front of **’Cs moving through the column, with most of the radio-
nuclide retained in the initial centimeters of the clay barrier. Competitive effects
from competing cations (Na" in this case) influence ¥7Cs migration, with sensi-
tivity analyses demonstrating reduced retardation at higher ionic strengths due
to increased competition for exchange sites. pH effects show that '¥'Cs sorption
is relatively insensitive to pH changes in the near-neutral range, indicating that
cation exchange is the primary retention mechanism rather than surface complex-
ation (Table 1; Figures 6 and 7).

4.6.3 Implications and limitations

This PHREEQC simulation underscores the effectiveness of montmorillonite in
retarding "*’Cs migration, supporting its use in engineered barrier systems for nuclear
waste repositories. However, it’s important to note the limitations of this simplified
model:

* Homogeneity assumption: The model assumes a homogeneous clay column,
whereas real systems may have heterogeneities that create preferential flow

paths.

* Equilibrium assumption: The simulation assumes local equilibrium for all reac-
tions, which may not hold for kinetically limited processes.

* Exclusion of other processes: The model does not account for potential colloid-
facilitated transport or changes in clay properties over time due to interaction
with the waste.

Montmorillonite, a distinguished member of the smectite group, exemplifies
the exceptional properties and versatility of clay minerals, making it a key mate-
rial in environmental applications, particularly in groundwater protection and
remediation.
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TITLE Example of Cs-137 Migration through Montmorillonite

# Define Cs as a new element
SOLUTION_MASTER_SPECIES
Cs Ca+ 0.0 132.9054 132.5054

SOLUTION_SPECIES
Cas+ = Cs+
lnq_k 0.0

# Define the influent solution with a temperature range up to 1000°C
SOLUTION ¢ Influent =olution

temp 25 § Tenperature in Celsius, adjust as needed
pH 7.0

pe 4

redox pe

unics mol/kgw

density p

Cs le-%

Ha le=2

Cl 1.0le-2

~WATEX 1% kg

# Define the initial pore water
SOLUTION 1-10 Inicial pore water

temp 25 # Temperacturs in Celsius, adjust as needed
pH 7.0

pe 4

redox pe

units mol/kgw

densicy 1

Ha le-2

Cl le-2

-Water 1% kg

# Define the exchange properties with temperature esffects and rheclogical considerations
EXCHANGE 1-10

X 0.8 # CEC in eg/kg porous medium, typical value for montmorillonite

-aquil 1

-pitzer_exchange gammas true

EXCHANGE_MASTER_SPECIES
X X=

EXCHANGE_SPECIES
X= = X=
log k 0.0

Na+ + X- = NaX
log_k 0.0

Cs+ + X-— = CsX
log k 2.5 # Rdjusted log K based on experimental data

# Define the cransport parameters, considering a wide range of conditions

TRANSFORT
-cells 10
-lengths 10%0.1 # 10 cells of 0.1 m each
-dispersivities 10*0.01 # 1 cm dispersivicty for each cell
-diffusion_coefficient 5.0e-10 # m"2/s
-shifts 1000
-time_step 3.1536e7 # 1 year in seconds
-flow_direction forward
=boundary conditions flux flux
=punch cells 10
=-punch_frequency 100

# Define the output settings
SELECTED OUTPUT

~file Cs_migration.txt

-reset false

-time true

-distance true

-solution True

-totals Ca Na

-ph true $# Include pH in output for monitoring pH changes
-temperature true # Include temperature in output if it varies
-kinstics true # Optional: if any kinetic reactions are involved

Figure 5.
Example of developed PHREEQC code used for geochemical modeling in the case of ™ Cs vadionuclide migration
through a montmorillonite barrier.
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Time (years) Distance (m) Solution Total Cs (mol/kgw) Total Na (mol/kgw)

0 0.0000e+00 1.0000e-02

100 0.0000e+00 1.0000e-02

200 0.0000e+00 1.0000e-02

300 0.0000e+00 1.0000e-02

400 0.0000e+00 1.0000e-02

500 1.0 10 1.2345e-10 1.0000e-02

600 3.4567e-09 1.0000e-02

700 2.3456e-08 9.9998e-03

800 1.2345e-07 9.9987e-03

900 5.6789e-07 9.9943e-03
1000 9.8765e-07 9.9901e-03

Table 1.

Results at the column outlet (cell 10) over time.

Total O = 5.550622e+01

Log Log Log mole V

Species Molality Activity Molality Activity Gamma cm®/mol

OCH- 1.124e-07 1.012e-07 -6.949 -6.995 -0.04¢ -4.03

H+ 1.095e-07 1.000e-07 -6.961 -7.000 -0.039 0.00

H20 5.551e+01 9.997e-01 1.744 -0.000 0.000 18.07
(o4 § 1.000e-02

Cl- 1.000e=-02 $.007e-03 =-2.000 =-2.045 -0.045 18.14
H(0) 1.413e~-25

H2 7.063e-26 7.07%e-26 =25.151 =25.150 0.001 28.61
Na 1.000e-02

Na+ 1.000e-02 9.033e-03 -2.000 -2.044 -0.044 =1.38

NaOH 9.119e-20 9.140e-20 -19.040 -19,.039 0.001 (0)
0(0) 0.000e+00

oz 0.000e+00 0.000e+00 -42.081 -42,080 0.001 30.40
—————————————————————————————— Saturation indices—————ermmemsmc e e ———————————

Phase SI** log IAP log K(298 K, 1l atm)

H2 (g) -22.05 -25.15 -3.10 BH2

H20(g) -1.50 -0.00 1.50 H20

Halite -5.66 -4.09 1.57 NacCl

02 (g) -39.19 -42.08 -2.89 02

**For a gas, S5I = loglO(fugacity). Fugacity = pressure * phi / 1 atm.
For ideal gases, phi = 1.

Figure 6.
Example of output file PHREEQC code in the case of geochemical modeling of ¥ Cs radionuclide migration
through a montmorillonite barrier.
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Figure7.
Evolution of % ¥ Cs radionuclide migration through a montmovillonite barrier.

5. Montmorillonite: The quintessential clay mineral
5.1 Exceptional properties of montmorillonite
5.1.1 High surface avea

Montmorillonite boasts an extraordinarily high specific surface area, typically
between 600 and 800 m?/g [9]. This extensive surface area is attributable to its lay-
ered structure and small particle size, which provide numerous sites for contaminant
adsorption and ion exchange.

5.1.2 Swelling capacity

One of montmorillonite’s most notable characteristics is its ability to absorb water
molecules between its structural layers, leading to significant swelling.

The experimental XRD profile of the Na-montmorillonite complex primarily exhib-
its three diffraction orders (n = 1, 2, and 4). The 001 reflection is located at 20 = 7.06°
(door = 1249 A), indicating a 1 W hydration state and that the exchange process yielded
apure clay fraction <2 pm (Figure 8). The corresponding higher-order reflections are
characterized by constant full width at half maximum (FWHM) and a rational position,
asindicated by the low value of the parameter £ = 0.086. This demonstrates that the
Na-montmorillonite complex exhibits a nearly homogeneous 1 W hydration state.

This property increases the interlayer spacing from about 9.6 A in the dry state to
over 20 A when fully hydrated [43]. The swelling not only enhances its adsorption
capacity but also makes it an effective barrier material (Figure 9).

5.1.3 High cation exchange capacity (CEC)

Montmorillonite exhibits a high cation exchange capacity, ranging from 80 to
150 meq/100 g [49, 50]. This high CEC is due to isomorphous substitution within the
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monohydrated state W (b), the bi-hydrated state 2W (c), and the three hydrated state 3W (d).
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clay structure, which creates permanent negative charges balanced by exchangeable
cations in the interlayer spaces.

5.1.4 Structural flexibility

The 2:1-layer structure of montmorillonite, consisting of an octahedral sheet
sandwiched between two tetrahedral sheets, offers substantial structural flexibility.
This allows for the intercalation of various molecules and ions, enhancing its versatil-
ity in removing contaminants [51].

5.2 Role of montmorillonite in groundwater decontamination
5.2.1 Heavy metal removal

Montmorillonite has demonstrated exceptional effectiveness in removing heavy
metals from groundwater. Research indicates its high adsorption capacities for various
heavy metals:

* Lead (Pb): Up to 130 mg/g [52].

* Cadmium (Cd): Up to 85 mg/g [53].

* Zinc (Zn): Up to 40 mg/g [54].
5.2.2 Organic contaminant sequestration

Montmorillonite’s layered structure and modifiable surface properties enable
effective sequestration of organic contaminants:

* Pesticides: Adsorption capacities up to 200 mg/g for atrazine.

* Pharmaceuticals: Removal efficiencies exceeding 90% for tetracycline and
ciprofloxacin [34].

* Industrial Organic Pollutants: High removal rates for phenols and chlorinated
compounds [55].

Figure 10 shows the intercalation reaction of the organic fraction within the inter-
layer space. The experimental diffractogram of the Montmorillonite-hexadecylamine
(HAD) sample shows a significant shift of the diffraction peaks toward lower angles,
indicating a substantial increase in the basal spacing dgo; from 12.49 A to 32.10 A
around 260 = 2.65°. This result is in agreement with the earlier works, confirming that
the intercalation of organic molecules has occurred. Other characteristic reflections
of MontmCd (llonite-had) were observed at 26 = 5.47° (dgo; = 16.14 A), likely indi-
cating a2 W hydration state, as well as dy3 at around 10.76 A located at 26 = 8.20°,
probably attributed to a 0 W state. The montmorillonite-HDA complex exhibits an
interstratified character.

Depending on the modification method, the geometry of the organic molecule
(the nature and length of the hydrophobic chain and the spacer), the quantity and
composition of the surfactants used, the charge of the clay and its CEC value, and
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Figure 10.
Experimental XRD profile of montmorillonite-HDA specimen.

several arrangements and conformations of the molecules within the clay can be
obtained.

Among the possible configurations of the molecule in the interlayer space, one
corresponds to a conformation where the plane of the arrangement of the carbon
atoms of the surfactant chain is parallel to the surface of the silicate layer and the
other in a perpendicular position.

The thickness of the alkyl chain varies from 4.1 A to 4.5 A, while that of the
cationic head NH?* varies between 3.17 A and 3.3 A (Figure 11).
5.2.3 Radionuclide immobilization

Montmorillonite plays a critical role in radioactive waste management:

* Cesium (Cs): Distribution coefficients (Kd) up to 10° mL/g [46].

* Strontium (Sr): Adsorption capacities up to 180 mg/g [36, 56].

* Uranium (U): Removal efficiencies greater than 95% [47].
5.3 Successful applications in groundwater remediation
5.3.1 Permeable reactive barriers (PRBs)

Montmorillonite-based PRBs have been effectively employed for in situ
groundwater remediation. For instance, a montmorillonite-zeolite PRB in
Aznalcéllar, Spain, successfully reduced heavy metal concentrations (As, Zn, Cu,

and Cd) in acid mine drainage-contaminated groundwater by over 99% over a
five-year period [51].
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Figure 11.
Schematic representation of possible molecular conformations in the interlayer space.

5.3.2 Engineered geosorbents

Modified montmorillonites have shown enhanced performance in field applica-
tions. An example includes an organo-montmorillonite geosorbent that reduced
BTEX (Benzene, Toluene, Ethylbenzene, Xylene) concentrations by more than 95%
in a gasoline-contaminated aquifer in Michigan, USA [57].
5.3.3 Nanocomposite materials

Montmorillonite-based nanocomposites have demonstrated promising results
in pilot-scale studies. A montmorillonite-iron oxide nanocomposite, for example,
achieved over 99% removal of arsenic from groundwater in a field trial in West
Bengal, India, maintaining its efficacy over a six-month period [58].

5.4 Challenges and future directions

Despite its outstanding properties, the application of montmorillonite in ground-
water remediation faces several challenges:

* Long-term stability: The potential for colloidal transport of montmorillonite
particles requires further investigation [47].

* Competitive adsorption: The presence of multiple contaminants and naturally
occurring ions can affect removal efficiencies [54].

Future research should focus on:

* Developing novel modification techniques to enhance montmorillonite’s selectiv-
ity and capacity for specific contaminants.
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* Investigating the long-term performance and stability of montmorillonite-based
remediation systems under various geochemical conditions.

* Exploring synergistic combinations of montmorillonite with other materials
(e.g., biochar, nanomaterials) to improve remediation efficacy.

* Advancing modeling approaches to better predict montmorillonite’s perfor-
mance in complex, multi-contaminant groundwater systems.

In conclusion, montmorillonite’s remarkable properties establish it as a highly
versatile and effective material for groundwater decontamination. Its proven success
in various remediation applications, coupled with ongoing research and development,
underscores its potential as a critical tool in addressing global groundwater contami-
nation challenges.

6. Geological barriers

Clay minerals play a vital role in the natural attenuation of contaminants within
groundwater systems, functioning as geological barriers that significantly impede the
migration of pollutants. These minerals, particularly through adsorption processes, can
considerably reduce the spread of pollution without the need for human intervention.
However, shifts in environmental conditions can compromise the stability of these natural
barriers, potentially resulting in the release of previously immobilized contaminants [27].

6.1 Natural attenuation through clay mineral adsorption

The effectiveness of clay minerals in natural attenuation stems from their high
adsorption capacity, which enables them to act as barriers against contaminant migra-
tion. This process, termed natural attenuation, involves various mechanisms by which
clay minerals retard the movement of contaminants. These mechanisms include ion
exchange, where cationic contaminants are replaced by naturally occurring cations in
the clay’s interlayers; surface complexation, which involves the formation of chemi-
cal bonds between contaminants and clay surfaces; physical adsorption through Van
der Waals forces; and interlayer intercalation, where some contaminants enter the
expandable spaces between clay layers. For example, a study conducted in the Chalk
aquifer of southern England showed that a thin layer of clay-rich deposits, primarily
composed of smectite and illite, effectively slowed the migration of a trichloroethene
(TCE) plume for over 20 years. This clay layer reduced TCE concentrations from
1000 pg/L to less than 1 pg/L over a vertical distance of less than 1 meter [59].

6.1.1 Mechanism of contaminant vetavdation
Clay minerals retard contaminant migration through several mechanisms:

* Jon exchange: Cationic contaminants are exchanged with naturally occurring
cations in clay interlayers.

* Surface complexation: Chemical bonds form between contaminants and clay
surfaces.
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* Physical adsorption: Van der Waals forces attract contaminants to clay surfaces.

* Interlayer intercalation: Some contaminants can enter the expandable interlayer
spaces of certain clay minerals.

6.1.2 Quantifying retardation

The effectiveness of clay minerals in retarding the migration of contaminants
can be quantitatively assessed using the retardation factor (R). This factor pro-
vides a measure of how much the movement of a contaminant is slowed down

relative to the groundwater flow. The retardation factor is calculated using the
formula (Eq. (5)):

R=1 +—”b;<d ®)

Where:
* (p,) is the bulk density of the aquifer material (g/cm?),

* (Kd) is the distribution coefficient, which reflects the affinity of the contami-
nant for the solid phase versus the aqueous phase (L/kg),

* (0) is the porosity of the aquifer material (dimensionless, often expressed as a
fraction).

6.1.2.1 Example of retavdation factor calculation

To illustrate how the retardation factor can be applied, consider a case where
cesium (Cs) is transported through bentonite, which is primarily composed of
montmorillonite. The distribution coefficient (Kd) for cesium in bentonite is
typically high due to strong adsorption. Assume the following values for a given
aquifer:

¢ Bulk density (p,) = 1.5 g/cm’

* Distribution coefficient Kd = 300 L/kg

* Porosity 6 = 0.3 (or 30%)

Plugging these values into the formula (Eq. (6)):

3
N 1.5g/cm0 ;00L/kg 1501

R=1 (6)

This result indicates that cesium migration through this bentonite is retarded
by a factor of 1501 compared to the flow of groundwater. This means that
cesium moves through the material approximately 1500 times slower than the
groundwater.
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6.1.2.2 Case studies and litevature evidence

Several studies have demonstrated the application of the retardation factor in
evaluating contaminant migration. For instance, Alshameri et al. [46] investigated
cesium transport through bentonite, predominantly montmorillonite, and found
retardation factors ranging from 2000 to 5000. This wide range indicates that cesium
migration was thousands of times slower than groundwater flow, highlighting the
significant retardation capacity of montmorillonite-rich clays in natural settings.

Similarly, research on the transport of other contaminants in various clay minerals
has shown comparable effects. For example, in a study by Mejri et al. [31], the retar-
dation factor for lead (Pb) in kaolinite was found to be around 1000, demonstrating
its effectiveness in reducing the mobility of heavy metals in contaminated groundwa-
ter systems.

6.1.2.3 Implications for groundwater management

Understanding and quantifying the retardation factor is crucial for groundwater
management, especially in the context of designing effective remediation strategies
and predicting the movement of contaminants. High retardation factors suggest that
clay minerals can serve as effective barriers in groundwater systems, reducing the risk
of widespread contamination.

The retardation factor provides a valuable quantitative measure of how effectively
clay minerals can slow down contaminant migration. The substantial retardation
factors observed in studies involving bentonite and other clay minerals underscore
their importance in groundwater protection and remediation efforts. Future research
should continue to refine these measurements and explore the variability of retarda-
tion factors across different clay types and contaminant scenarios.

6.2 Stressed materials: Impact of environmental changes

While clay minerals can effectively immobilize contaminants under stable condi-
tions, changes in the geochemical environment can lead to the release of previously
adsorbed pollutants. This concept is known as “stressed materials.”

6.2.1 Factors affecting stability of adsorbed contaminants

Several environmental factors can stress clay minerals and affect their contami-
nant retention capacity:

* pH changes: Alterations in pH can affect surface charge and contaminant
speciation.

* Redox conditions: Changes in oxidation-reduction potential can alter contami-
nant mobility.

* lonic strength: Variations in groundwater salinity can influence clay mineral
structure and adsorption properties.

* Temperature: Thermal changes can affect adsorption equilibria and clay mineral
structure.
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* Organic matter: Introduction of organic compounds can compete for adsorption
sites or form complexes with contaminants.

For example, a field study in the Aquia aquifer (Maryland, USA) revealed that the
intrusion of high-ionic-strength water led to the release of naturally occurring arse-
nic from clay minerals. Arsenic concentrations in groundwater increased from less
than 1 pg/L to over 100 pg/L due to ion exchange processes triggered by increased
salinity [60].

6.2.2 Case studies of contaminant release

Several studies [60-65] have documented the release of contaminants from clay
minerals under stressed conditions:

o Acid mine drainage: In the Zelazny Most tailings pond in Poland, the oxidation
of sulfide minerals led to a decrease in pH from 8 to 2.3. This pH drop caused
the release of previously adsorbed heavy metals (Cu, Zn, and Pb) from clay
minerals, increasing their concentrations in groundwater by up to two orders of
magnitude.

* Nuclear waste repositories: Experiments simulating conditions in nuclear waste
repositories showed that an increase in temperature from 25-80°C led to a 30%
reduction in cesium sorption on bentonite due to changes in clay mineral struc-
ture and sorption mechanisms [61].

* Coastal aquifers: In a study of a coastal aquifer in Barcelona (Spain), seawater
intrusion increased the ionic strength of groundwater, leading to the release of
adsorbed arsenic from clay minerals. Arsenic concentrations increased from less
than 10 pg/L to over 50 pg/L in affected areas.

6.3 Managing stressed materials in groundwater systems

Understanding the potential for contaminant release under stressed conditions is
crucial for effective groundwater management and remediation strategies.

6.3.1 Monitoring and prediction

Regular monitoring of key geochemical parameters, such as pH, redox poten-
tial, and major ion concentrations, is essential for identifying potential stressors.
Geochemical modeling tools like PHREEQC can predict contaminant behavior under
changing conditions. For instance, in the Netherlands, a comprehensive monitoring
program was implemented in areas prone to seawater intrusion. By tracking chloride
concentrations and redox conditions, authorities were able to predict and mitigate
arsenic mobilization from clay minerals [62].

6.3.2 Remediation strategies for stressed systems

When dealing with stressed clay mineral systems, specialized remediation
approaches may be necessary. These strategies include pH control through buffering
agents, redox manipulation using electron donors or acceptors, and the installation
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of permeable reactive barriers to re-capture mobilized contaminants. For example,
at a former mining site in Cornwall (UK), a permeable reactive barrier containing
limestone was installed to address the mobilization of heavy metals caused by acid
mine drainage. This barrier successfully increased the pH from 3.5 to 6.5 and reduced
dissolved metal concentrations by over 99% [63].

6.4 Future research directions

To better understand and manage stressed clay mineral systems in groundwater,
future research should focus on several key areas. These include long-term field
studies to evaluate the stability of clay mineral barriers under various environmental
stressors, the development of advanced monitoring techniques for early detection of
clay mineral stress and contaminant mobilization, and the investigation of coupled
processes that may influence contaminant behavior in stressed systems. Additionally,
improving predictive models to account for complex interactions in multi-stressor
scenarios and exploring novel remediation techniques specifically designed for
stressed clay mineral systems will be crucial for effective groundwater protection and
remediation efforts.

In conclusion, while clay minerals serve as essential natural barriers in ground-
water systems, their effectiveness can be compromised under stressed conditions.
Understanding the factors that lead to contaminant release and developing strategies
to manage these stressed materials are critical for maintaining long-term groundwater
protection and successful remediation.

7. Expanded conclusion

This expanded conclusion synthesizes the key findings of the chapter, addresses
current challenges, and outlines future research directions in the field of clay mineral-
based groundwater remediation.

7.1 Summary of key findings
7.1.1 Remarkable properties of clay minerals

Clay minerals, especially montmorillonite, exhibit exceptional capabilities for
groundwater decontamination and protection. These minerals possess a high surface
area—up to 800 m?/g for montmorillonite—providing numerous adsorption sites
for contaminants. Their significant cation exchange capacity, ranging from 80 to
150 meq/100 g for montmorillonite, facilitates effective removal of cationic con-
taminants. The swelling properties of clay minerals enhance their ability to intercept
contaminants and create low-permeability barriers. Additionally, their structural
flexibility enables the intercalation of various organic and inorganic pollutants.

7.1.2 Versatility in contaminant removal

Clay minerals have demonstrated efficacy in removing a broad spectrum of
groundwater contaminants. They achieve removal efficiencies exceeding 90% for
heavy metals such as Pb, Cd, Cu, and Zn [6]. Their adsorption capacities can reach
up to 200 mg/g for organic pollutants, including pesticides and pharmaceuticals [32].

28



A Critical Review of Clay Minevals for Groundwater Protection and Treatment
DOI: http://dx.doi.org/10.5772/intechopen.1008385

For radionuclides, distribution coefficients ((K p )) can be as high as (105 mL/ g)
for cesium, indicating that cesium migration is significantly retarded compared to
groundwater flow [46].

7.1.3 Natural attenuation and engineered solutions

Clay minerals contribute to groundwater protection through natural geological
barriers that retard contaminant migration. Engineered solutions such as permeable
reactive barriers and geosorbents utilize these minerals to enhance contaminant
removal. Nanocomposite materials, which integrate clay minerals, further improve
removal efficiency and selectivity.

7.1.4 Current challenges and vesearch needs
7.1.4.1 Complex geochemical interactions

There is a need for a deeper understanding of competitive adsorption in multi-
contaminant systems, as well as the influence of natural organic matter on clay min-
eral performance. The long-term stability of clay minerals under various geochemical
conditions also requires investigation. Future research should focus on developing
comprehensive geochemical models that integrate clay mineral-contaminant interac-
tions with site-specific conditions.

7.1.4.2 Upscaling and field implementation

Bridging the gap between laboratory studies and field-scale applications is a
significant challenge. Addressing heterogeneity in subsurface environments and
optimizing deployment methods for in situ remediation are crucial. More long-term
field trials are needed to validate the performance and longevity of clay mineral-based
remediation systems.

7.1.4.3 Emerging contaminants

Assessing the efficacy of clay minerals against emerging pollutants, such as PFAS
and microplastics, is essential. Developing modification techniques to enhance
selectivity for specific contaminants is also necessary. Research should investigate the
interaction mechanisms between clay minerals and emerging contaminants to design
targeted remediation strategies.

7.2 Future research directions
7.2.1 Advanced material design

Future research should focus on developing “smart” clay-based materials with
stimuli-responsive properties. Exploring synergistic combinations of clay minerals
with other materials, such as biochar or zero-valent iron, could enhance remedia-
tion performance. Computational methods may also be used for the rational design
of clay-based adsorbents. For example, recent work on pH-responsive organoclays
has shown potential in controlled release applications, which could be adapted for
groundwater remediation [66].
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7.2.2 In situ monitoring and veal-time optimization

Developing sensors for real-time monitoring of clay mineral performance in
groundwater systems is crucial. Implementing machine learning algorithms for
predictive modeling and optimization of remediation strategies could enhance
effectiveness. A pilot study using fiber optic sensors embedded in clay-based perme-
able reactive barriers has demonstrated real-time monitoring of contaminant break-
through, enabling timely barrier regeneration [67].

7.2.3 Circular economy approaches

Research should explore methods for regenerating and reusing spent clay miner-
als, as well as beneficial reuse options for contaminated clay materials. Assessing the
life cycle impacts of clay mineral-based remediation technologies is also important.
Recent research has shown that heat treatment of metal-loaded montmorillonite can
recover valuable metals while regenerating the clay for reuse in water treatment [68].

7.2.4 Integration with biological remediation

Investigating clay mineral-microbe interactions for enhanced bioremediation is
an area of interest. Developing clay-based carriers for beneficial microorganisms in
groundwater systems could improve outcomes. A study combining montmorillonite
with sulfate-reducing bacteria demonstrated synergistic effects in removing heavy
metals from acid mine drainage, with the clay providing both a support matrix for the
bacteria and additional metal adsorption capacity [69].

7.2.5 Holistic groundwater management approaches

7.2.5.1 Multi-barrier concepts

Integrating clay mineral-based technologies with other remediation techniques
to create robust, multi-barrier systems for groundwater protection is essential. For
instance, a comprehensive remediation strategy for a contaminated industrial site in
Germany combined a montmorillonite-based permeable reactive barrier with phy-
toremediation and enhanced natural attenuation, resulting in over a 99% reduction in
contaminant concentrations over a five-year period [70].

7.2.5.2 Adaptive management strategies

Developing flexible, adaptive management approaches that can respond to chang-
ing environmental conditions and emerging contamination challenges is critical. The
implementation of a “treatment train” approach at a former military site in the USA,
incorporating clay-based sorption, advanced oxidation, and bioremediation, allowed
for dynamic adjustment of treatment processes based on monitoring data, leading to
cost-effective and sustainable long-term remediation [71].

7.2.5.3 Policy and regulatory frameworks

Advocating for policies and regulations that promote the use of sustainable, clay
mineral-based remediation technologies and support long-term monitoring and
management of remediated sites is necessary for advancing the field.
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7.3 Concluding remarks

Clay minerals, particularly montmorillonite, emerge as valuable assets in the battle
against groundwater contamination. Their remarkable properties and versatility in
contaminant removal offer promising solutions for both natural attenuation and
engineered remediation strategies. However, realizing their full potential requires
addressing current challenges through interdisciplinary research and holistic man-
agement approaches. By integrating advanced material design, in situ monitoring
technologies, and sustainable management practices, clay mineral-based remediation
can play a crucial role in safeguarding groundwater resources for future generations.
Continued exploration of clay mineral-contaminant interactions will unlock new
possibilities for utilizing these ubiquitous natural materials in our ongoing efforts to
protect and restore the world’s precious groundwater resources.
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Chapter 2

Assessment of Groundwater
Variation and Identifying
Influencing Factors over Abbay
River Basin, East Africa

Agegnehu Kitanbo Yoshe

Abstract

The effect of climate change and anthropogenic activities on groundwater storage
has gained attention recently across the globe. The increasing water demand and
overexploitation of surface water add extra pressure on groundwater. This paper
estimated groundwater storage with spatiotemporal variation by using the Gravity
Recovery and Climate Experiment satellite mission with the Global Assimilation Sys-
tem. The investigation revealed that there is a significant variation in groundwater
storage following seasonal variation during the study period. We found that GRACE
and GLDAS datasets can be combined effectively to evaluate the long-term GWS in
large-scale basins with limited hydrological datasets in an area.

Keywords: RFM, groundwater storage, R-studio, climatic parameter, GRACE, GLDAS

1. Introduction

All kinds of water are vital to life, but groundwater is very important due to its
unique nature. It was expected to be the purest water among all other water resources
because it was filtered and cleaned by soil layers from many contaminants. Subse-
quently, individuals are utilizing groundwater to fulfill their needs [1, 2]. Users of
groundwater include domestic use, agricultural use, industrial use, recreational, hydro-
electric, and environmental activities. The quantity and quality of water resources are
key concerns. Mismanagement, misuse, pollution, and scarcity of this life-sustaining
resource pose a serious problem [3]. It is a growing threat to water supply, agriculture,
food security, industrial development, and the ecosystems on which they depend [1, 4].
The number of serious issues and completions among the different water users has
increased as a result of growing populations and different activities related to water. Due
to the fact that water is primarily a common resource worldwide. Water is also a
common resource worldwide and a number of serious issues among different water
users has increased as a result of growing populations and climate change.

Water located in the saturated zone was groundwater [5], and the availability of
groundwater was affected by different geo-environmental factors [6]. Groundwater
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uses geological strata as reservoirs for storage, while the transmissivity and storage
affect the capacity of the exploitation of these natural resources in the given geological
location. More than 2 billion people use groundwater as a major source of water supply
[5, 7]. Protection and management of groundwater were mostly done by identifying
the potential zones of groundwater level [8]. This mostly estimates groundwater
resources by using indicators, and it is difficult to fully explain the groundwater
potential in an area.

The hydrological water balance is the combination of surface and groundwater [9].
In particular, groundwater balance assessment was the most challenging because of
data scarcity [10]. On a regional and continental scale, routine monitoring of ground-
water with a network of boreholes is laborious, costly, and takes time. The irregularity
of temporal data, lake of monitoring well, and the complexity of sub-soil and recharge
methods make groundwater storage more complex. Additionally, law enforcement
agencies occasionally impose restrictions on the hydrological data sources. To over-
come this problem, different scholars try to solve the problem by using direct drilling
bore wells, traditional methods [6], indirect methods such as ArcGIS-based and
remote sensing methods of groundwater potential assessment were used worldwide
[11, 12], frequency ratio methods [13], multi-criteria decision-making analysis [14],
evidence weight methods [15], regression logistic methods [6], evidence belief func-
tion methods [16], and wetspass method [17]. However, it is very difficult to install
observation well in mountainous and arid regions, which leads to serious problems
with GWS information and inaccurate information from indirect methods. Due to the
geographical and temporal constraints that impede comprehensive and precise
groundwater measurements over wide geographic areas, it is challenging to estimate
changes in groundwater storage [18]. But in order to assess water storage under all
possible terrestrial scenarios, GRACE sought to compare temporal and spatial varia-
tions in the Earth’s gravitational field. In contrast to other innovations, such as radi-
ometers and radar, GRACE is able to detect water variations and groundwater with
greater accuracy than 1 cm of similar water heights without much effort [19]. In
contrast to other innovations, such as radiometers and radar, GRACE is able to detect
water variations and groundwater with greater accuracy than 1 cm of similar water
heights without much effort [19]. Groundwater reservoir changes can now be evalu-
ated with the help of GRACE [19]. The water storage variation in an area from GRACE
data is an estimate of changes in bulk storage capacity, and the data cannot be
differentiated. Therefore, GRACE data must be interpreted with the GLDAS hydro-
logical model to evaluate groundwater storage.

The majority of groundwater assessments in Ethiopia have been carried out
through field surveys, which can be laborious to manage in terms of time and
resources or limited in scope when done locally [20]. In this study area, the distribu-
tion of water to different stakeholder groups in appropriate quantities and quality has
grown more complicated as a result of the growing demands for water for residential
and commercial use, agriculture, hydropower generation, the environment, and other
uses. Excessive groundwater extraction, especially for agricultural irrigation, has led
to a dramatic decline in groundwater storage. Groundwater has also declined due to
the extremely slow recharge mechanism [21, 22]. Traditional methods for measuring
groundwater storage and fluctuations in the study area are tedious and time-
consuming. Also, monitoring key wells in such a large area is costly and time-
consuming. A number of studies have shown extensive applications of Gravity
Recovery and Climate Experiment (GRACE), and TerraClimate data for the analysis
of groundwater anomalies [23]. The GRACE data is useful for scientists and
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researchers to use in the field of hydrology and water resources [24]. From the review
of past studies, it is clear that no attempts have been made to study the spatiotemporal
variability of groundwater in the Abbay river basin using GRACE and Land Data
Assimilation System (GLDAS) datasets. The general objective of this study is to
estimate changes in groundwater storage by estimating soil moisture change, surface
water change, and canopy water storage from GLDAS, followed by removing them
from GRACE terrestrial water storage. The impact of GRACE-based application as a
tool for groundwater resource management in the Abbay river basin was evaluated. It
shows the application of GRACE in groundwater monitoring techniques and strategies
for the sustainability of groundwater resources. The study also evaluates the spatial
and temporal distribution of groundwater storage based on terrestrial water storage,
canopy water storage, soil moisture storage, and surface runoff. Additionally, the
monthly and annual groundwater storage variation to support sustainable groundwa-
ter monitoring and the impact of climatic change on groundwater storage for the
study area were addressed. This study also describes the impact of remotely sensed
groundwater storage variation and observance practices on decision-making and con-
ventional modeling practices.

2. Methods and material
2.1 Description of the study area

The study area is located in the northwestern part of Ethiopia at 7°40°N and
12°51°N latitude and 34°25°E and 39°49’E longitude, with an area of approximately
176,200 km? and an elevation difference of 490-4266 m ams. The river starts in the
high mountainous part of Ethiopia from Lake Tana and is used as a contributor to the
Nile River. The upstream part of the river basin is dominated by mountainous land-
scapes, and most of the downstream areas are relatively flat or gently undulating.
There were varying climatic zones in the river basin due to environmental conditions.
The maximum temperature of the river basin ranges from 28 to 38°C, and the mini-
mum temperature is 15-20°C downstream. Generally, rainfall in the study area ranges
between 787 and 2200 mm per year, and the lowest rainfall recorded was less than
100 mm per year (Figure 1).

2.2 Data collection

Different datasets were used to estimate groundwater storage in the study area,
such as terrestrial water storage (TWS) assessed from GRACE with spatial resolution
10x10, soil moisture (SMS), surface runoff (Qs), canopy water storage (CWS),
temperature (T), evapotranspiration (ET) from GLDAS processed at
NOAH (0.25°x%0.25°), and resamples to 1°x1° for further hydrological data analysis.
Rainfall data from Terra-Climate are at 0.5° resolution and resamples to 1°x1°. Data
utilized for this study were collected from January 2010 to December 2020.

2.2.1 GRACE dataset

For tracking mass redistribution of the earth by monitoring changes in gravita-
tional force, GRACE satellites were developed by NASA and the German Aerospace
Center in March 2002 [25]. This dataset contains different errors, such as noise error
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Figure 1.
Study area location map.

in the satellite for satellite microwave ranging measurements, accelerometer error,
error in the ultra-stable oscillator, and orbit error in the form of stoke coefficient
represented by and both for integer degree of and integer order of 0 < m <1[26]. To
minimize measurement errors and noise, different filtering processes, such as a DE-
striping filter, a wide Gaussian averaging filter, and a low-pass spectral filter, are
utilized [27]. To improve the accuracy between the University of Texas Center for
Space Research (CSR), the GeoForschungsZentrum (GFZ) Potsdam, and the Jet Pro-
pulsion Laboratory (JPL) for the estimation of TWS in the river basin, the cross-
correlation coefficients between them were adopted to calculate the weights of the
datasets [28].

2.2.2 GLDAS dataset

A Global Land Data Assimilation System (GLDAS) has been developed to ingest
satellite and ground-based observational data by the National Oceanic and Atmo-
spheric Administration and the National Center for Environmental Prediction, which
simulates hydrologic components [29]. For the estimation of the change in ground-
water storage from GRACE terrestrial water storage, the values of surface water
storage (SWE), soil moisture storage (SMS), canopy water storage (CWS), and snow
water storage (SWS) need to be deducted from the land surface model of NASA’s
Global Land Data Assimilation System (GLDAS version) at 1°x1° spatial resolution.

2.2.3 Terra-climate

Change in groundwater storage is influenced by the climatological conditions of an
area, and knowing and understanding the natural characteristics of climatic datasets is
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important, can be conceptualized, and has an impact on runoff, infiltration, and
groundwater recharge [30]. The monthly and climatic water balance for terrestrial
water surfaces was developed from three global gridded climate datasets found at high
spatiotemporal resolution and made publicly available through an unrestricted data
repository of Idaho’s Northwest Knowledge Network University. The climatological
dataset for this study was gathered from the Terra-Climatic dataset [31]. The dataset
was available from January 1, 1958 to December 1, 2021 at 0.5° grid. The mean
monthly precipitation and temperature from 2010 to 2020 were collected for this
study and prepared for further data analysis.

2.3 Change in groundwater storage estimation for the study area

The inflow of water and water outflow from the system can be described by
using the water balance equation. The water balance equation is difficult and
complex because water balance components have uncertainties in measurement
[32]. The change in terrestrial water storage data observed by GRACE includes
vertical water storage components of the aquifer, which include soil moisture, surface

runoff, canopy water storage, and groundwater storage, which are presented in eq.
(1) [33].

ATWS = AGWS + ASMS + ASWE + ACWS + AQ, 1)

Where ATWS is the change in terrestrial water storage.

AGWS is the change in groundwater storage.

ASMS is the change in soil moisture storage.

ASWS is the change in snow water storage.

ACWS is the change in canopy water storage.

AQ, is the change in surface water runoff.

By subtracting ASWS, ASMS, ACWS, AQ, from observed GLDAS TWS yielding
AGWS [33], as presented in eq. (2). The study area is semiarid, and with a warm
climate, changes in snow water storage were ignored for this study.

AGWS = ATWS — (ASMS + ASWE + ACWS + AQ,) )

2.4 Statistical data analysis

Both parametric and nonparametric tests are used to examine the temporal varia-
tion. Nonparametric tests have an advantage over parametric tests in that they can be
used for non-normal time series [34].

1.Sen’s slope estimator: Sen’s slant assessor determined the pattern’s greatness and
information pair was determined as:

X - X
Q; = }_ k * where : (j>k) (fori=1,2,3, ....N) (3)

Where X and X; are the data values in years k and j, for j < k. If there are n values
of X; in a time series, one gets as many as N = 7 * "5 to estimate the slope Q.
Estimation of Sen’s slope is the median of these N values of the slope S;. The N values
and Si were ranked from the smallest to the largest and Sen’s carried out as follows.
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The median of these the N value and Si is Sen’s slope estimator, which is shown as
follows:

Q=14 Qn+Quuy (4)
% if N is even

When N is an even number and Sen’s slope estimator is calculated as Q,,.; = (Qu) +

Q (N+2)

—( > )) if N appears odd and it was considered as Q,,,; = Qu + Queo if N is even.
Finally, Q.4 is calculated by a two-side test at a 100% confidence interval, and then, a
slope was calculated by a nonparametric test. The positive value of Q; represents an
increasing trend, and the negative value shows a decreasing trend in the time series.

2.5 Assessment of model performance methods

The downscaled terrestrial water storage results were computed using four distinct
statistical metrics: R, NSE, MAE, and RME. The mathematical representation of MAE,
NSE, R and RME is shown in eqs. 5-8 below. The values of RMSE and MAE close to 0
demonstrate the perfect model, and the value NSE and R closer to 1 shows the perfect
model.

N L v2
RMSE = Zi:l(Xl Yl)

v 0
N 7\2
N _ _
Zizl(Xi — X)(Yl — Y) (7)

R =
VEN - X1 (v - 1)
1 N
MAE = N <;|Yi _Xi|> (8)

Where X; and Y; shows two independent datasets with the mean values of X and Y.
The input terrestrial water storage is represented by X, and the predicted value of a
random forest model is represented by Y;, while N represents the total number of samples.

3. Result
3.1 Liquid water equivalent from GRACE dataset

The combination of the Duan de-striping method with a Gaussian filter with a
radius of 150 km, 200 km, and 300 km was used to filter high-frequency noises. After
using the Duan algorithm to remove the model stripe signal errors, our study area
showed relatively smooth hydrological signals; then, by applying Gaussian filters to
the model, the scale factors required to remove the leakage signals in the river basin
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due to weakness during post-processing was estimated. The estimated result shows
that the scale factor for the Abbay river basin signal recovery with Gaussian filter at a
radius of 150 km is 1.036, 200 km is 1.078, and 300 km is 1.159. From this result, we
observe that a higher filtering radius corresponds to more signal leakage in the model.
The signal leakage of the model was minimized by the optimal combination of algo-
rithms. Then, monthly cross correlation for the estimated GRACE time series dataset
was carried out, and the result indicates CSR + JPL (0.97), CSR + GFZ (0.96), and
GFZ + JPL (0.95) for the measured dataset by the three centers (CSR, GFZ, and JPL).
All correlation coefficients show a positive correlation greater than 95 percent, indi-
cating that the terrestrial water storage data of the Abbay river basin measured by the
three centers were highly consistent.

After calculating the change in equivalent water thickness for the study area,
the average water equivalent thickness was estimated, and the result is presented in
Figure 2 below. The result demonstrates the continuous rising and falling of the equiv-
alent water thickness in the Abbay river basin. As shown in Figure 2, the highest liquid
water equivalent thickness was observed in September 2007 and October 2014 with a
value of 14.33 and 14.68 cm per month, respectively, whereas the minimum liquid water
equivalent was observed in March 2004 and April 2011 with a value of —10.52
and —10.43 cm per month, respectively. These variations were due to changes in water
storage in hydrological reservoirs, which are consistent with similar previous studies

[35-37].

3.2 Characteristics of water budget components in Abbay river basin

The characteristics of canopy water storage, soil moisture, surface water storage,
surface runoff, evapotranspiration, precipitation, and temperature show a significant
variation for the study area. The average value of canopy water storage ranges from
23.05 to 31.23 mm per year for the study period. Planting trees and other vegetation
with large water storage capacities helps farmers collect rainfall and lessen runoff,
which increases the amount of water that seeps into the ground and replenishes the
groundwater aquifer. There are various methods and models to estimate evapotrans-
piration (EVT) [37-39], but for this study, remote sensing from satellites was used.
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Figure 2.

The average GRACE liquid water equivalent thickness.
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The analyzed temporal variation of EVT shows a decreasing trend and ranges from
18736.46 to 25588.0 mm per year. Surface runoff in the study area shows a decreasing
trend. The Abbay river basin has 49.6 billion cubic meters of surface runoff, according
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Monthly spatial distribution of groundwater storage in the Abbay river basin for the year 2020: 1-12
Groundwater stovage variation.

to a study done by the Ministry of Water Research, which shows a decreasing trend
and ranges from 8145.43 to 14211.19 mm for the study period. However, it is impor-
tant to note that the surface runoff varies greatly depending on the season and year
and influenced by climate, land use, soil type, and topography, which agrees with
other similar studies [37-41]. The estimated surface soil moisture, root zone soil
moisture, and profile soil moisture show an increasing trend and ranges from 2116.25
to 2308.03 mm, 110207.11 to 117140.84 mm, 521078.64 to 557923.0 mm, respectively.
Many variables, including temperature, precipitation, vegetation cover, soil type, and
land use, can have a significant impact on soil moisture levels. In order to comprehend
the effects of climate change on the ecosystem and human activity, monitoring soil
moisture levels is crucial for forestry, agriculture, weather forecasting, and water
resource management. The classification of soil moisture was based on the global land
data assimilation system [42]. Figure 3(1-6) and Figure 4(1, 2) show the spatial
distribution of the water balance components for the Abbay river basin in 2020. The
result displays a significant variation in surface soil moisture, profile soil, root zone
soil, surface runoff, canopy water storage, precipitation, evapotranspiration, and
temperatures. The variation in components of water storage is due to the extraction of
water for domestic water demand, irrigation water supply, and climatic change,
which agrees with similar studies [35-39].

3.3 Temporal change of terrestrial water storage for Abbay river basin from
GLDAS

For the study area, terrestrial water storage was estimated using GLDAS datasets,
which include soil moisture, plant canopy water storage, and surface water storage,
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Figure 5.
Year-to-year change in tervestrial water storage for Abbay river basin.

which account for 98%, 0.012, and 1.6% of the river basin, respectively. The variation
in terrestrial water storage and year-to-year change in terrestrial water storage for the
river basin from GLDAS over the study period show a continuous falling and rising
following the seasonal pattern of the study area (Figure 5), which is confirmed by a
previous study [37-39]. The variation in terrestrial water storage was controlled by
seasonal variation and could be due to an even distribution of precipitation, variation
of soil and surface water storage, changes in climatic parameters, and drought expe-
rience, which is consistent with similar studies [37-39, 43—-45].

3.4 Spatiotemporal variation of terrestrial water storage from GLDAS in Abbay
river basin

The monthly spatiotemporal variation of the terrestrial water storage shows a
significant variation demonstrating the highest spatiotemporal change in terrestrial
water storage in September, October, and August. This difference in terrestrial water
storage was due to rainfall variation, changes in temperature, land use changes, and
different human activities. It can be explained that the study area receives the highest
rainfall during September, October, and August, which is confirmed by the precious
study [37-39]. As shown in Figure 3(7), the monthly variation of spatiotemporal
water storage in 2020 shows a similar trend with minimal alteration. The highest
spatial variation of terrestrial water storage was observed in the southwestern parts of
the river basin, which indicates slight changes from January to December presented in
Figure 3(7). This variation in terrestrial water storage for the study area was due to
leakage from irrigation canals, distribution of precipitation, climatic control and
leakage from reservoir storage, land use, land cover type, soil type, and others, and
this finding agrees with similar previous studies carried out in different areas
[37-39, 43-45].

3.5 Temporal variation of groundwater storage from GLDAS

Groundwater storage for the Abbay river basin was estimated by removing surface
water storage, soil moisture, and canopy water storage from terrestrial water storage
for the study area. The year-to-year variation of groundwater storage was presented in
Figure 6.
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Figure 6.

Characteristics of groundwater storage. (A) interannual groundwater storage. (B) Annual average of groundwater
storage in the study area.

As presented in Figure 3a, the interannual variation of groundwater storage shows
a continuous falling and rising trend, which was controlled by seasonal variation. As
presented in Figure 6B, the annual groundwater storage variation showed decreasing
trends from 2010 to 2012, 2014 to 2015, and 2016 to 2018, whereas there were
increasing trends from 2012 to 2014, 2015 to 2016, and 2018 to 2020 in the study area.
The estimated groundwater storage of the Abbay river basin ranges from 410871.5 to
440782.2 mm per year during the study period. As seen in Figure 6, the minimum
annual groundwater storage was observed in 2018, whereas the maximum groundwa-
ter storage was observed in 2020. Additionally, the increasing demand for water for
irrigation agriculture, water supply, and deforestation agrees with similar previous
studies [46-48]. According to statistical data from the “Ethiopia Water Resource
Bulletin,” the groundwater supply of the country has been steadily increasing on a
yearly basis, resulting in a decrease in groundwater in this basin.

The monthly variation of groundwater storage for the Abbay river basin demon-
strates a positive trend in January-July, November, and December, whereas it shows
negative trends in August, September, and October (Figure 7). The fluctuation of
groundwater storage was due to excessive withdrawal of water for irrigation, domestic
water demands, uneven distribution of precipitation, limited recharge, and climatic
changes. During the wet season, high water was infiltrated to join groundwater, whereas
in the dry season, water deficit is the main problem in the river basin, and the variation
in groundwater storage is due to this condition, which agrees with related studies [48].
We observed that groundwater variation in the Abbay river basin has a strong ground-
water storage component and is largely derived from annual precipitation.

3.6 Spatiotemporal characteristics of groundwater storage for Abbay river basin

The spatial variation of the trend in groundwater storage over the Abbay river
basin reflects the complexity of hydrological processes and geology in the river basin.
The maximum spatiotemporal distribution of groundwater storage was observed in
September with a value of 2118 mm, whereas the minimum groundwater storage was
observed in April with a value of 393.4 mm (Figure 4(1-12)). It is likely that the

47



Groundwater Frontiers — Techniques and Challenges

m— anUATY

38000 -

37000

£ 36000

£35000

w)

< 34000

o
33000
32000

N )
O o QY
M )

Linear (January)

March

>

S

P

Time

Linear (March)

35000

34000
33000
32000 o
31000

GWS in mm

30000
29000 +—rrTrTr T T T T

34000 -
33000 -
€ 32000 +

May - Linear (May)

£ 31000 {2/

£ 30000
2 29000
28000 1

27000

GWS in mm

Figure 7.

34000 february e Linear (February)
33000 -
£ 32000 1
£ 31000 -
g 30000 -
& 29000 +
28000 -
27000 ——
EE5888888¢8¢
Time
— ADFi|  +ereeees Linear (April)
33000 -
32000
E 31000
E 30000
E 29000 -
28000
37000 Aoyt
T B s R T s BT~ R -~ S - T~ 1
SHEEEEEERE
Time
340005 —June - Linear (June)
33000 +
32000 |\
£ 31000 -
%30000 B
29000 -
28000 +—r—T—T—t—T—T—T—"T—T"T
O Vv ™ © % S
Time
roooﬁufgust ......... Linear (August)
41000 -
E .l
£ 40000 -
£
g 39000 -
38000 -
37000 e
O A WM& L B D
I P\ P g
S S

Monthly temporal trend of groundwater storage in the Abbay river basin from 2010 to 2020.

48



Assessment of Groundwater Variation and Identifying Influencing Factors over Abbay River...
DOI: http://dx.doi.org/10.5772 /intechopen.1005767

A) Tmmx and GWS B) Pr and GWS
50000 40 50000
40000 FnininA A in oA o0 | E 40000 44 £
PO ATATATRTAVATAVATAA., < 30000 4% £
I 20 «» 20000 =
20000 | I Z 10000 &
10000 - ‘ 10 0
O = M v ~ O
1 S S5 8o o o
O = NN M wWn O~ 0 O L P L
™ = = e - e - = N = = Y I~ ;N oM
O 0O O 0O 0 0O o 0o o O - O 0O O O
B B B B = I I e
= T N O =S S N O - o O OO O O ©
o O O+ O O O « O 5
P T T e o T Time
o O O O O O o o o
tmmx =GWS pr = GWS
60000 A
g 50000
= 40000
¥ 30000
=
O 20000 +
03 —T\/S - =GWS
» 10000 o
= ¥
- Se~SaamassnngreEE2wnegg
S 888888888888 88888888s
e - B B e - -
Q) IR EES SIS R RETTR R L O TR R T
e T e B e T o e B o B <o B <o B o B o B o T e A = T B = Y - [ > B o e B S = B =
Time
Figure 8.

Characteristics of climatic variable with groundwater storage. (A) Relationship between temperature and
groundwater storage. (B) Relationship between precipitation and groundwater storage, (C) Groundwater stovage
and terrestrial water storage.

groundwater storage trend in the area broadly coincides with terrestrial water storage
variation and follows rainfall trends. The climatic change impact on the world in
terms of increased or decreased levels of rainfall, water storage, water inundation, and
drought, and the water storage in semiarid or arid regions largely depends on precip-
itation, which affects water storage, as confirmed by similar studies [49-51]. Addi-
tionally, land use, land cover, leakage from irrigation canals and irrigation water
applications, soil type, and leakage from reservoirs can also lead to variations in
groundwater storage for the study area, which coincides with similar studies [52, 53].

3.7 Understanding drivers of groundwater variability

This study presents the spatiotemporal pattern of groundwater storage, precipita-
tion, temperature, and terrestrial water storage. Multiple linear regression analysis is
applied to understand the drivers of change in groundwater storage in the study area.
The estimated cross-correlation result shows a coefficient of 0.65 for precipitation,
0.99 for terrestrial water storage, and —0.715 for temperature. The result shows that
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groundwater storage has a high cross-correlation with terrestrial water storage and
precipitation, whereas there is a negative cross-correlation with the temperature of
the area. The constancy that we observed may be due to interannual changes in
rainfall or the complexity of the hydro-geological condition of the study area [54]. The
result demonstrates high consistency of groundwater storage with terrestrial water
storage, precipitation, and negatively consistent with temperature in the study area.
The characteristics of precipitation and temperature with groundwater storage are
presented in Figure 8 (A and B). As presented in Figure 8B, we observed that
precipitation has a leading role in driving groundwater variation; we observed high
groundwater storage for peak precipitation and low groundwater storage for low
precipitation. As shown in Figure 7a, we observed high groundwater storage for low
temperatures and low groundwater storage for high temperatures, which agrees with
a similar study [54]. In addition to precipitation and temperature, other non-climatic
factors, such as human water extraction, have also been recognized as driving
groundwater storage for the study area, which is confirmed by similar studies [55].
Factors causing variations in groundwater storage may decrease the number of springs
and affect groundwater-dependent ecosystems. As shown in Figure 8C, groundwater
storage and terrestrial water storage show a similar trend.

Land use gives necessary information regarding infiltration, soil moisture, and
surface runoff, which affects groundwater occurrence. Areas having good land cover
have high infiltration rate and recharge groundwater, whereas areas with low land use
land cover demonstrate low infiltration rate and experiencing less recharge to
groundwater, which was consistent with other studies [8].

Irrigated agriculture is the largest consumer of groundwater resources. For more
efficient and sustainable utilization of the limited water resources, an improved
understanding of how to respond to irrigation is essential. The interaction between
agricultural irrigation and groundwater resources is generally very close to each other.
The excess irrigation water extracted in the river basin leads to groundwater deple-
tion, whereas recharges leads to increase in groundwater storage and consistent with
other similar studies [56].

The use of satellite data can improve the applicability of data-scarce areas with
limited hydrological variables, such as groundwater observation well data with
uneven spatial and temporal distribution. However, these data sources also bring
significant uncertainty. For example, GRACE data have their own uncertainty in data
processing, and other input data have contributed to uncertainty and potential error
propagation of the total input data. GRACE also observes TWS depletion associated
with anthropogenic groundwater extraction. The model, however, does not represent
anthropogenic groundwater withdrawals and is not skilled in reproducing the
interannual variability of groundwater. Assimilation of GRACE TWS introduces long-
term trends and improves the interannual variability in groundwater. But the assimi-
lation also introduces a negative trend in simulated evapotranspiration, whereas in
reality, evapotranspiration is likely enhanced by irrigation, which is also unmodeled,
which agrees with similar finding [57].

4, Conclusion

In this study, the ways to process NASA’s GRACE and GLDAS satellite mission
data to understand dynamic changes in water balance components were fixed for the
study area, and the spatiotemporal variation in groundwater storage of the Abbay
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river basin during the time period of 2010-2020 was estimated by using the GLDAS
and GRACE-driven Naoh model outputs. The characteristics of water budget compo-
nents in the Abbay river basin were quantified, the sensitivity of each variable for the
contribution of terrestrial water storage and groundwater storage was evaluated, and
the impacts of climatic variables were further analyzed through the variation in
groundwater storage in the study area.

From the point of view of interannual variation, the estimated LWE from GRACE
and TWS from GLDAS show the same trends during the study period. To quantify
terrestrial water storage, correlation between the selected variables was correlated
using R-studio, and the correlated result shows that a random forest model is the best
to predict variables, and the terrestrial water storage was quantified. The result dem-
onstrates a continuous falling and rising interannually. The spatial variation of the
groundwater storage in the river basin shows a similar trend with little variation. We
observed high groundwater storage in the southwestern parts of the river basin. The
mean annual groundwater storage decreased from 2010 to 2012, 2014 to 2015, and
2016 to 2018, while increasing from 2012 to 2014, 2015 to 2016, and 2018 to 2020.

Climate change and anthropogenic activities remarkably influence water resource
systems. The result obtained here indicates that groundwater storage is easily affected
by precipitation and temperature, both directly and indirectly. The correlation coeffi-
cient shows a negative correlation with temperature and a positive correlation with
precipitation. Additionally, we provide evidence that GRACE and GLDAS provide
users with valid datasets even in areas with little observation. The quantitative out-
come demonstrates that long-term monitoring of water storage is necessary to avoid
potential future water shortages and to conserve natural resources. The GRACE and
GLDAS observations have recently been identified as effective tools in areas with a
lack of direct in situ measurements and large-scale basins. The result of the study also
shows that groundwater storage depletion is likely to increase in the future due to the
development of traditional irrigation practices across the basin. It will have adverse
consequences for water and food security in the river basin. It is recommended for
policymakers and stakeholders to improve and enhance direct water level measure-
ment and increase recharging for better sustainable management of groundwater
resources in the river basin. It is also of vital importance in terms of saving freshwater
and delivering it to future generations.
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Chapter 3

Delineation of Recharge Zones for
Sustainable Protection of
Groundwater in Bidou I (South
Cameroon)

Olivier Njikeu, Roger Feumba and Benjamin Ngounou Ngatcha

Abstract

The aim of this work is to delineate groundwater recharge potential zones in Bidou
I, covering approximately a surface area of 144 km?. To meet this goal, seven
influencing parameters were merged in a GIS. A total of 2370 Lineaments have been
extracted and mapped using remote sensing and GIS technics. Their lengths vary
between 60 and 4498 m with an average of 525 + 420 m. Eight deformed rock types
and two major fractures cross-cutting each other were identified. The mapped linea-
ments main directions (N330°N-045°E) define the groundwater flowing direction
corresponding to the recharge average direction (N010°E) of the aquifers in the area.
The water balance calculation shows that about 10% of the average interannual rain-
fall in the Kribi region (1991-2021) was effectively infiltrated. This implies that the
effective recharge feeds the stock variation (ARi). The calculated rock filtration
velocities range from 0.5 x 10~ to 11.0 x 10~° m/s with an average of 2.5 x 10> m/s.
The LULC classes expressed as percentages of the total study area are: Vegetation:
90%, Water bodies: 5%, Bare soils: 4% and Built-up: 1%. In prelude to sustainable
groundwater protection and management in the area, a five classes map (very poor,
poor, moderate, good and very good) of Groundwater Recharge Potential Zones
(GWRPZ) was realized by assigning to each layer a fixed weight and a score from
Analytical Hierarchy Process (AHP) using weighted overlay analysis (WOA) tool.

Keywords: remote sensing, AHP, WOA, groundwater recharge potential zones,
sustainable protection, Bidou I (South Cameroon)

1. Introduction

Lack of awareness, scarcity and poor management of water resources in the world,
particularly in Africa’s arid zones is becoming increasingly widespread, even in areas
with high rainfall [1-4]. The groundwater recharge is directly affected by the rainfall
amount, and a significant change in rainfall can cause a similar effect in it [5-7].
However, rainfall patterns vary considerably as a result of climate change. Intense
precipitation concentrated over a short period leads to devastating floods, while late and
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scanty rainfall causes drought conditions, resulting in reduced recharge [8]. Given the
potential negative effects of global climate change on water resources, the population is
obligated to focus on groundwater supply for agricultural and food purposes [9, 10].
Thus, evaluating the groundwater recharge potential is very important for secured
groundwater systems. It is therefore imperative to identify appropriate groundwater
recharge zones in order to address groundwater protection and guarantee the long-term
viability of aquifers [11]. Many studies on the factors affecting groundwater recharge
have been already done to clear up the groundwater hydrogeology by calculating the
groundwater recharge potential index using the Analytical Hierarchy Process (AHP)
approach and GIS techniques [11-15]. It is therefore necessary to study the relationship
between these influencing factors for the best understanding of their influence on
groundwater recharge potential. This study aims to delineate groundwater recharge
potential zones in Bidou I by providing a comprehensive understanding of groundwater
recharge dynamics, in order to contribute to sustainable water resource protection and
management to facilitate informed decision-making processes.

2. Study area
2.1 Geographic and administrative localization

The study area of more than 140 km? is situated in the South Cameroon Region in
the Ocean Division at about 45 km northeast of the Deep Sea Port of Kribi (Figure 1).
Belonging to the district of Fifinda the area is limited by Latitudes 2°53'26""-3°03'00"
N and Longitudes 10°03'31” and 10°09'39" E. The area’s steep relief (< 400 m alti-
tude) is dominated by a major shear zone between 200 and 400 m altitude, forming a
ridge with a steep topographic slope reaching 200 meters in height difference covered
by a moist evergreen and semi-deciduous equatorial forest. Low-lying areas (altitude
<100 m) are occupied by marshy valleys. The area is characterized by a humid
bimodal climate with two rainy seasons and two dry seasons unevenly distributed.
From 1991 to 2021, the average interannual precipitation is 2957 mm, and the average
interannual air temperature is 25.67°C. The permanent river network flows into river
kienké which is the main river in the area.

2.2 Hydrogeology

The basement formations in Cameroon represent more than 90% of the territory
whose aquifers are linked only to fissuring and alteration [4-6, 16-18]. Upon these
basements, there are Palaeozoic volcano-sedimentary formations, from the Secondary,
the Tertiary and the Quaternary, all topped by Quaternary alluviums that are sometimes
very thick (over 50 m), such as that of Douala [1, 16], Benoué [19] and even Grand Yaéré
[5, 6]. Groundwater represents approximately 98% of global freshwater resources being
therefore the main source of drinking water for the population [5], with an estimated
reserve between 667 and 4810 km® [20]. However, most of the groundwater appears to be
unevenly distributed throughout the country. In the far north, these include the sedi-
mentary formations of the Chadian basin, the Ngodeni collapse trough and the fluvio-
lacustrine series, as well as the Quaternary, Tertiary and Precambrian aquifers [5, 6] while
in the south the horst of the Mount Cameroun—Bioko volcanic axis isolates the Douala—
Kribi—Campo sedimentary basins and the Rio del Rey basin [1, 16]. On the
hydrogeological, hydrodynamic and hydrochemical points of view, numerous studies
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Figure 1.
Localization of the study area.

characterizing water resources have already been carried out in the northern part [5, 6,
21-25]. While in the southern part, hydrogeological studies are few [9, 26-29]. No detailed
hydrogeological study about the assessment of the groundwater potential of the whole
country has yet been carried out [17]. The same author states that according to [30], a
study was carried out on the basis of pre-existing data by BCEOM, SOGREAH and
ORSTOM using a balance sheet approach [31-33]. Basement zone in Cameroon is mostly
characterized by two types of aquifers sometime superimposed or isolated. They are
Laterite aquifers, which are continuous and more or less exploitable, and discontinuous
artesian fissured or fractured aquifers. It is a bilayer aquifer when they are superimposed
[27-29]. The altered zone is essentially capacitive, whereas the fractured zone is much
more conductive. But both functions (capacitive and conductive) coexist within each
aquifer [34, 35]. The potential of these aquifers depends on the parameters of the water
balance and their configuration [4]. The formations encountered consist of plutonic or
metamorphic crystalline rocks, sometimes associated with volcano-sedimentary forma-
tions and “greenstone belts” of Precambrian to Cambrian age, characterized by very low
porosity, generally less than 1% [27-29]. However, the initial work of [4] in this greenfield
area, presents the area with good groundwater potential and good productivity according
to their pumping rates [36].

2.3 Geology
2.3.1 Regional geology

Two major litho-structural entities defined the Cameroonian Precambrian base-
ment complex: (1) the North Equatorial Pan-African Fold Belt which covers the

59



Groundwater Frontiers — Techniques and Challenges

lll:’E ll:’E lZ:’E

o Yaounaé //

'Yaoundé Group: A

Atlantic Ocean ‘/ ) Ntem Complex

N

Kribi g o *FEbolowa Sangmelima o

Gabon

0 25

Equatorial Guinea

T T T
10°E 11°E 12°E
Ntem Complex Nyong Complex
E Phanerozoic cover

[ Gireenstone belis-BIFs (3.1 Ga) [ Neoarchean-Paleopratezoic G BIFs

. iy Ao i " FaulwShear zoncs
:] Magmatic charnokitic suite (2.9 Ga) :] F P 0zoic gneisses and hibol
- TTG suite (2.83 Ga) - Paleoproierozoic gneisses and TTG suite " Overthrust
- Archean granulitic gneisses m Paleoproterozeic metagranodiorite ®  Locality
[:.a Archean-Paleoproteroie K-rich granites D Neop ic gneisses, micash and \:’ Sludy area

Figure 2.
Study area over the geological map of SW Cameroon (after [4, 17]).

greatest part of the territory from the series of Yaoundé to the Far-North [37, 38]

and (2) the cratonic domain, which covers the northern part of the Congo craton [39-
43]. The cratonic domain is made up of charnockitic rocks, doleritic dykes and potas-
sic granites [40, 43] which intrude the greenstone belt in the Ntem Complex, made
up of three subcomplex (Figure 2): Ayina, Ntem and Nyong which covers the study
area. The works of [39, 44-46] in this last complex show that it represents a
reactivated part of the Archean Congo craton throughout the Eburnean/
Transamazonian and Pan-African/Brazilian. The Nyong complex is the Paleopro-
terozoic contact zone coming from the tectonic event between the Congo and Sao
Francisco cratons [20, 47-50]. It is made up of Archean materials of volcano-
sedimentary origin [42, 50-53] grouping gneiss clustered with Banded Iron Forma-
tions (BIFs), plutonites and green rocks.

2.3.2 Local geology

The Bidou I area is a zone that has been little explored [4]. The most actual
accomplished studies were done by [54, 55] after those of [39]. The outcome shows
that the source rock of the metasedimentary rocks of Bidou I were deposited in an
active or passive continental margin. They are composed of garnetiferous
amphibolitic gneisses and two-micas schists, garnet-kyanite-staurolite (both sepa-
rated by a regional fault), micas-rich quartzites and BIFs (Figure 3). According to
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[48], three phases of tectonic events related to the Kribi-Campo shear zone (NNE-
SSW) hit the Kribi area and its surroundings, even Bidou I. Subsequently, the works of
[56, 57] reveal that Bidou I is made of gneiss, amphibolites, orthogneiss and BIFs
weakly metamorphosed and very magnetic with centimetric bands.

3. Materials and methods
3.1 Data source

The data used are: (1) climatic data of the Kribi area (precipitations and tempera-
tures), corresponding to the weather forecasts from 1991 to 2021, downloaded using
the link https://fr.climate-data.org/; (2) Cameroon’s litho-structural map [48]; (3)
geological map of south-west Cameroon [39]; (4) a 1:200,000 scale topographic base
maps of Kribi and Edéa; (5) rock types and structural measurements from the field
data (6) Satellite images ((i) Landsat 8 OLI_TIRS Collection 2 level 2 (LCO8_L2SP)
free of cloud (Path_186/Row_058) available on March 25th, 2015, and (ii) SRTM
(Shuttle Radar Topography Mission (2014)) with ground resolution of 30 m) freely
downloaded on http://earthexplorer.usgs.gov in Universal Transverse Mercator. The
LCO8_L2SP image used is described in Table 1. Slope, drainage pattern, lineament,
geomorphology, colored composite and land use/land cover maps were elaborated by
processing satellite data. We used geologist hammer, compass and clinometer for rock
sample collection and field structural measurements. After this, all the data were
integrated for maps production and were realized after and intensive field mapping
work. Excel, ArcGIS 10.8, Qgis 3.34, ENVI 5.3, PC geomatica 2016 and Rockworks are
the software used in this study (Figure 3).

Bands Description Wavelength Resolution
Band 1 Ultra Blue 443.0 nm 30 m
Band 2 Blue 482.0 nm 30 m
Band 3 Green 561.5 nm 30 m
Band 4 Red 654.5 nm 30 m
Band 5 Near Infrared (NIR) 865.0 nm 30 m
Band 6 Shortwave Infrared (SWIR) 1 1608.5 nm 30 m
Band 7 Shortwave Infrared (SWIR) 2 2200.5 nm 30 m
Band 10 Thermal Infrared (TIRS) 1 10895.0 nm 30 m [1]
Band QA Quality Assessment band No data 30 m
Band QA_RADSAT Radiometric Saturation and Terrain Occlusion No data 30m
QA Band
Band SR Aerosol QA No data 30 m

SR_QA_AEROSOL

Table 1.
Description of the LCo8_L2SP image used.
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Figure 3.
Geology of the study avea, extracted from the geological map of South-West Cameroon (after [4]).

3.2 Methodology
3.2.1 Data pre-processing

In order to enhance the reflectance of features present on the ground and easily
detect lineaments, satellite images are supposed to be pre-processed before their
utilization. The choice of a method depends on the experience and preferences of the
image analyzer, the type of data used and its application. Figure 4 shows the flow-
chart of the methodology applied to the digital data used in this work.

3.2.2 Data processing
3.2.2.1 Pansharpening

Pansharpening is the use of a single panchromatic band (higher spatial resolution)
to increase the spatial resolution of the bands of a multispectral image (higher spectral
resolution) [58-60]. The result (Figure 5) of this task is an image with high spectral
resolution and high spatial resolution. After the layers stacking and the contrast
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Figure 4.
Flowchart for mapping groundwater recharge potential zones in this work.

enhancement of bands, they were exported in grayscale (8-bit) and filtered. We also
performed correlation of these bands and the outcome (Table 2) almost shows their
common source, implying they are ready for Principal Component Analysis (PCA).

3.2.2.2 Principal component analysis (PCA)

PCA is a computation method used to convert correlated parameters into
uncorrelated parameters named principal components [59]. It has been widely
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Bandes Band 2 Band 3 Band 4 Band 5 Band 6 Band 7

Band 2 1

Band 3 0.6265 1

Band 4 0.5993 0.8487 1

Band 5 0.4273 0.5589 0.2013 1

Band 6 0.7397 0.7377 0.5928 0.725 1

Band 7 0.7684 0.7411 0.7541 0.4529 0.9127 1
Table 2.

Correlation of the raw bands used (LCo8_L2SP).

used in lineaments extraction, statistics and signal processing [61, 62]. To defeat
the superfluity and to ameliorate the gap in the image, PCA was applied. For,
the ENVI software was used to produce principal components images (PC1,
PC2...etc.) and 93% of the results were given by PC1 after a mathematical
computation from the covariance table (Eq. (1)), making it to be used for the
next stages of transformation.

Vi 0.
01 V.. 01 V= Eec"”(Ef> (1)
0 0.. Vy

Where: Cov is the matrix function, E, eigenvectors matrix, T is the function of
transposition, and V is the eigenvalues diagonal matrix (zero for elements out of the
diagonal).

3.2.2.3 Water balance estimation

Based on hydroclimatic data of the area of Kribi (1991-2021), the hydrometric
parameters of Bidou I were calculated using the method of [63] (Eq. (2)).

P=ETR +1+R+ ARi )

Where: ETR = evapotranspiration; I = infiltration, R = runoff, ARi = underground
water variable reserve and P = average interannual precipitation.

ETP — 16 (g) < F () 3)

12
[= Zi (4)
i=1

1,514
-

a=0,49,239 + 1792 x 10°I-771 x 10~ I* 4+ 675 x 10~° (6)
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I is the annual average temperature index, 7 is the average monthly temperature
index in °C, F(4), a correction factor that changes as a function of month, T is the
average temperature in °C and o an index proportional to I (Figure 5).

= Localities

|:| Study area

Figure 5.
Colored composite image RGB_432 of the study area.
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3.2.2.4 Images filtering and lineaments extraction

As [58, 62, 64], we have used two methods for lineament extraction: the shaded
relief and directional convolution screenings. From the first method, the processing
parameters of the raw SRTM image are: solar incidence angle (345°), altitude (45°)
and vertical exaggeration (6). In order to well visualize shaded areas, as [4, 64] shaded
relief images were created for different solar trends (N45, N135, N225 and N315°)
(Figure 6). While from the second method, the value of each pixel has been
recalculated by analyzing the surrounding radiometry. The ENVI software was used
to produce principal components images (PC1, PC2, PC3, PC4, PC5 and PC6) and
93% of the results is contained in PC1 after a mathematical computation from the
covariance table (Eq. (1)), making it to be used for the next stages of transformation.
It was then screened on PC Geomatica software from a 7x7 table following the NOO,
N45, N90 and N135° trends.

3.2.2.5 Mapping and validation of the lineaments map

The extracted lineaments (Figure 7a, b) were overlayed and combined as
the result of the final lineaments map illustrating the fractures coming from the
brittle tectonics. We compared the background maps (geology, road network),
and the field results with all the thematic maps produced in this work to approve
the final lineaments map of the study area. The same approach has been used by
[4, 58, 62, 64-67].

Wakourd |

* Localities
Manual lineaments
[ Study area

Figure 6.
DEM of the study area presented as shaded velief with different solar incidence angles: (a) 45° (b) 135°, (c) 225°,
(d) 315°, (¢) manual digitized features.
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Figure 7.
(a) Automatically and (b) manually extracted lineaments.

3.2.3 Analytic hierarchy process (AHP) method and the applied notation system

The Analytic Hierarchy Process (AHP) is a robust and well-structured method
for multi-criteria decision making (MCDM), based on multi-influencing factors.

As one of the most widely used MCDM tools, it offers a framework for prioritizing
and understanding the proportional importance of factors controlling

groundwater recharge by calculating the Groundwater Recharge Potential Index
(GWRPI) [11, 13, 68]. Occurrence and movement of groundwater have been
governed by many variables, in this study rainfall (net recharge), geomorphology,
land use/land cover (LULC), slopes, rock types, lineament density, soils and drainage
density were used.

The normalized weights method modified after [2, 4, 13, 68] enabled us to calculate
the weights of the various influencing factors by creating a pairwise comparison table of
a x b order in which 4 is the number of factors and b is the number of variables. The
values of the weightage were assigned based on previous works, field information and
particularly the relative influence of each variable toward groundwater recharge poten-
tial. After converting all the variables in image layers, they were overlayed and com-
pared in other to compute the Groundwater Potential Recharge Index (GWRPI). Let us
be precise that, on the one hand, all these layers should have the same size and be
registered in the same coordinate system of reference. On the other hand, the GWRPI is
the global score calculated from the score of each factor weighted by their respective
coefficients (Eq. (7)). The weights of each factor and the different classes with their
ranks modified after [4] are presented in Table 3.

The overall score of each variable and the GWRPI are respectively computed from
egs. 7and 9.
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S. No Factors Weights

Classes

Ranks

1 Rainfail/Infiltration (mm/year) 5

0-50

50-100

100-175

175-225

> 225

O | 00| O | W

2 Land cover/Land use 4

Builts-up

Juny

Water bodies

Vegetation

Bare soils & outcrops

3 Soils 3

Colluvium

Ferralitic

Hydromorphic

AN N W0 | ©

4 Lithology 4

Schists

Gneiss

Amphibolites

Quartzites

Micaschists

Duricrusts

Orthogneiss

BIFs

5 Slope (degree) 4

0-5

5-9

O | W U UL | NN W o

9-16

16-26

[SSERENY, |

26-61

Juny

6 Drainage density map (Km/Km?) 2

0-2

e}

2-3

3-5

5-6

6-9

7 Lineament density map (Km/Km?) 5

13-20

10-13

[o-T BT B N Y L B S N

7-10

47

0-4

[ B e S

Source: modified after [4].

Table 3.
Weights, classes and ranks of each influencing parameter.
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G=) W,xS,, )
y=1

where G is the overall score of the variables, x is the variable; y is the factor; W is
variable weight; S, , is the score of variable x for criteria y.

The AHP’s results are validated if the consistency is below 10%. The value of
consistency is given by the Consistency Index (CI), estimated from eq. 8 [13, 68].

}\'max —a

CI =
a—1

)
Where A a4 is the highest Eigenvalue in the comparison matrix and « is the
number of factors
G

GWRPI = Total weight C)]

4. Results and discussions
4.1 Analysis of the fractures network

The following figures represent the maps of all the extracted lineaments merged
and the structures measured on the field. Their main directions have been determined
are given by the rose diagram (Figure 8) and compared with the directions of the
structures measured from the field (Figure 9b).

4.2 Spatial distribution of lineaments

A total of 2370 lineaments were collected from the visual interpretation of satellite
data. The lengths varied from 60 to 4498 m, with an average of 525 &+ 420 m and an
overall length of 1244 km for all lineaments mapped. These linear features were
classified into four groups of lengths by percentages (Figure 10): 225-550 m (59%);
550-1053 m (16%), 60-225 m (13%) and less than 3 km (3%). The highest cumulative
length is that of the N-S oriented lineaments, followed by the NNE-SSW and NNW-
SSE one, closed by the E-W oriented (Figure 8). Two criss-crossing networks of
fractures (N-S and WNW-ESE) representing sinistral and dextral shear zones have
been also exposed (Figure 9a) after coupled interpretation of satellite data and all
field structural results.

4.3 Field works rendering

A total of 8 rock types (schists, micaschists, gneisses, amphibolites, quartzites,
BIFs, orthogneisses, duricrusts) and many structures measured (metamorphic folia-
tion, schistosity, boudins, mylonitic foliation, folds and fractures) were recognized on
the field: (Figure 11c). These structures can be distributed into three phases of defor-
mation (D1 to D3). The D1 phase is represented by foliations, schistosity and boudins.
Meanwhile, the D2 phase is by folds, fractures and faults and the D3 by S-C fractures.
Diaclases and the N-S-orientated veins of quartzites (bearing sulfides) with 80-85°
dip are other field-recognized structures (Figure 12).
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Figure 8.
Rose diagram showing lineaments accovding to their ovientations.
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Figure 9.
(a) Map of the extracted lineaments merged; (b) map of the structures measured on the field.
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Figure 10.
Extracted lineaments distributed according to their length.

4.4 Lineament’s orientation

Four families of lineaments were revealed in this work (Figure 8) according to the
following directions: N-S, NNE-SSW, NNW-SSE and E-W with two predominant
trends (N-S and NNE-SSW). Given that the lineaments orientations result from
tectonic processes that produced them, the lineament’s orientations in this work
(between N330 and N045°) reveal those of the structures on the highly crush base-
ment rock. Otherwise, as the groundwater movement and accumulation are governed
by fractures, their orientations surely give an indication on most of the flowing
directions of groundwater in the study area. As the mapped lineament’s main trend is
consistent with those of the structures measured on the field (Figures 9, 13) and the
Kribi-Campo shear zone (KCSZ) oriented NNE-SSW, it is evident that the ground-
water flowing directions in the study area are also between N330 and N045° with and
average direction NO10°E corresponding to the recharged directions of almost all
aquifers in the area.

4.5 Land use/land cover (LULC)

The LU/LC distribution influences the amount of infiltration and consequently the
groundwater recharge potential of the area [4, 13, 14]. Figure 11a displays the differ-
ent classes of LU/LC in the study area, allowing the comprehension of the landscape
exploitation. The land use/land cover classes of the study area agglomerate 4
macroclasses (Vegetation, Water bodies, Builts-up and Bare soils) corresponding to 10
land cover units defined as follows: gallery forests and wetlands, plantations, crops
and fallow land, watercourses, bare soils and outcrops, buildings and roads. The areas
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Figure 11.
(a) Land use/land cover map; (b) soils map; (c) geological map with pores filtration rates; (d) slopes map; (e)
lineaments density and (f) drainage density maps of the study area.

covered by these classes, expressed as percentages of the total study area are: Vegeta-
tion: 90%, Water bodies: 5%, Bare soils: 4% and Built-up land: 1%. In southern
Cameroon, forest is the main land cover type and the predominant vegetation is that
of a moist evergreen and semi-deciduous equatorial forest. The southern and some
eastern parts of the studied area are occupied by swamps, which reveal the permanent
availability of water being part of the river network and living species of the region.
Built-up areas are observed in the northern part of the area surrounded by forests and
farms, showing the rate of urban development affecting the panorama.

4.6 Soils map

Many studies found soil properties as one of the most influencing factors control-
ling groundwater recharge [15, 16, 25-29]. Three types of soils were mapped in the
study area (Figure 11b) by [4]: (i) the ferrallitic soils, formed on gneisses and schists.
They are very porous and permeable soils with little humus. They are defined by their

72



Delineation of Recharge Zones for Sustainable Protection of Groundwater in Bidou I...
DOI: http://dx.doi.org/10.5772/intechopen.1008484

Figure 12.

Field photographs from the study area: outcrops of: (a) fractured gneiss; (b) fractured schists; (c) fractured outcrop
of BIF (d) diaclases with subsurface water flowing; and (e) fractured micaschist hosting a lake; (f) road trench
exhibiting internal fissuring of the outcrop; (g) boudins and fractures on a weathered outcrop of schist; (h) quartz
vein; (i) hand specimen of gneiss.

red clayey-sandy and very thick weathering profiles; (ii) the hydromorphic soils,
coming from the continuous pressure of water table on the bedrock. Very diverse,
they are found on alluvium at the foot of the hill. Accumulation of organic matter,
concretion and armoring are visible in the North-Est part of the study area on the
Makouré iron formations and (iii) colluvium deposited by gravity and representing
the geology of the altered rocks.

4.7 Slope map

Several studies [4, 13, 14] define slopes as one of the factors that influence the flow
of water from the surface into the underground. The (Figure 11d) of the study area
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(a) Extracted lineaments and (b) field structuves distributed and compared according to their orientations.

indicates weak to very abrupt slope values varying between 0 and 61°, classified into
five classes. The three first classes known as weak slopes (0-16°), cover about 90% of
the study area, while the medium class (16-26°), covers 6% and the last class consti-
tuted by abrupt to very abrupt slopes (26-61°) which covers only 3% of the whole
surface. Abrupt slopes raise the surface runoff and shorten drainage duration to which
infiltration is directly connected. Meanwhile, weak slopes deplete surface runoff and
allow more time for rainfall to infiltrate at depth. Hence, the area is with good
GWRPZ.

4.8 Lineaments density

In hard rock areas, groundwater recharge potential is good around
lineaments zones [4, 13, 26-28, 69]. As lineaments frequency expresses
groundwater accumulation [69], we evaluated the number of fractures per unit
area troughout the lineament density, organized in five classes (very low, low,
medium, high and very high) in Figure 11e. This map shows that the highest linea-
ment densities are observed along and around the Bidou I shear zone. It is why that
[13] said lineaments are geological features that define the way and speed of subsur-
face water flow.

4.9 Lineaments intersection

The higher the density of lineaments, the easier it is for surface water to flow
through these openings, and the higher the groundwater recharge potential [13]. The
lineament’s density map of the study area shows the frequency of joins per unit area
indicating that the area is endowed with a very good groundwater recharge potential.
The same results were obtained by [4, 13, 26-28, 69].

4.10 Hydrological balance of the study area

The results of the water balance presented in Table 4 show that from 1991 to
2021 the net recharge, represents 10% of the total rainfall (2957.0 mm/year). While
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46.4% of this total precipitation evaporated, 43.3% fed surface runoff. This,
therefore, reveals the constant replacement of the water accumulated in soil.
After the emptying of the water table from January to February comes the
recharging in March. This is why [14] said precipitation seasonality and

potential evapotranspiration, carry the most significant influence on groundwater
recharge rates.

4.11 Groundwater recharge potentiality

The groundwater yields of crystalline rocks is directly linked to the degree
of weathering and fracturing of the rock since their primary porosity (plutonic
and metamorphic) is generally very low, and rarely exceeds 2% [70]. Thus,
weathering and related fracturing tend to increase the primary porosity and perme-
ability of affected rocks. The authors [70] speak of secondary porosity. In the works of
[4], the N-S and NNE-SSW directions are defined as the main trends of structure
followed by the NW-SE and NE-SW trends indicating the directions of groundwater
recharge and flow movements in the area. Rocks permeability is between
0.5 x 10° m/s and 11.0 x 10~? m/s with an average of 2.5 x 10~° m/s.
Furthermore, the integrated results (rock types, structural measurements, thematic
maps, etc.) show that the highly fractured and weathered shales and surrounding
rocks have very good to moderate groundwater recharge potential throughout the
study area (Figure 14). Very high and high lineament density areas fit with moderate
to very good GWRPZ surrounding the mountain of Bidou I. While low lineament
density areas are constituted by quartzites and duricrust along the ridge and the right
center part of the area fit with moderate to poor GWRPZ. Since the recharge is a
function of the physical and dynamic properties of the material, a highly weathered
and fractured material facilitates infiltration and thus efficient recharge and high
groundwater potential [4, 70]. For [4], the more weathering and fracturing are, the
more the porosity and permeability are also. Otherwise, the aquifers are recharged
from the deep infiltration of part of the precipitations forming the underground
provision. It is in the same order of ideas that [13, 14] said precipitation, rainfall
seasonality and potential evapotranspiration, exert the most significant influence on
groundwater recharge rates, with vegetation (NDVI) and topography also contribut-
ing significantly (Figure 14).

4.12 Validation of land use/land cover map

After the classification process, it is essential to evaluate the exactness of the land
cover classification, in order to discriminate and measure cartographic lacks. To this
end, an error matrix was established to compare cartographic data with ground truth
data [71]. Table 5 shows the error matrix obtained for the four (04) classes identified
in the Bidou I land use/land cover classification. A total of 3348 sample units were
collected. The elements of the main diagonal represent the number of correctly clas-
sified samples, while the other elements represent the classification errors. The overall
accuracy calculated according to [71] formula is 92.17% (i.e. the ratio between the
number of correctly classified samples (the sum of the main diagonal) and the total
number of sample units). For [72] a classification is said to be good if and only if the
overall accuracy is greater than 85%. If this is not the case, the classification is not
good enough to represent land use and land cover, and should therefore be revised to
improve accuracy. In view of the overall accuracy obtained in this classification, we
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Figure 14.
Map of groundwater recharge potential zones (GWRPZ).

can say that the classification has been carried out very well and represents the LULC
of the study area almost perfectly.

4.13 Validation of GWRPZ map

Contrary to [2, 13, 62], who used water level, groundwater discharge data and
some empiric formulas respectively, we instead used the land cover map of the study
area, the pores filtration rates, the existing lake and the all the tested boreholes to
approve the resulted GWRPZ map. The overlay of all these information reveal their
position on the high to moderate classes of groundwater recharge potential helping
therefore to validate the correctness of the GWRPZ map of the study area.
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Error matrix [pixel count]

> Reference

V_Classified 1 2 3 4 Total
1 11 0 144 4 159
2 0 26 2 5 33
3 1 0 2988 24 3013
4 0 0 82 61 143
Total 12 26 3216 94 3348
AREA BASED ERROR MATRIX

> Reference

V_Classified 1 2 3 4 Area

1 0.0033 0 0.0430 0.0012 143,100
2 0 0.0078 0.0006 0.0015 29,700
3 0.0003 0 0.8925 0.0072 2,711,700
4 0 0 0.0245 0.0182 128,700
Total 0.0036 0.0078 0.9606 0.0281 3,013,200
Estimated area 10,800 23,400 2,894,400 84,600 3,013,200
SE 0.0010 0.0007 0.0026 0.0025

SE area 3025.90 2146.36 7827.13 7385.55

95% CI area 5930.77 4206.87 15341.18 14475.67

PA [%] 91.6667 100.0000 92.9104 64.8936

UA [%] 6.9182 78.7879 99.1703 42.6573

Overall accuracy [%] = 92.1744

Table 5.
Screenshot of the accurvacy assessment matrix for land use/land cover classification of Bidou I and surrounding
area.

5. Conclusion

The aim of this work was to bring out groundwater recharge potential zones in
Bidou I and surrounding areas, characterized by metamorphosed sedimentary rocks
covered by the evergreen rainy forest of south Cameroon. To meet this goal, seven
influencing parameters were merged in a GIS. Thus, we did the processing of satellite
images associated with climatic data and carried out a very important fieldwork.
Therefore, a total of 2370 lineaments were mapped ranging between 60 and 4498 m
for a total length of 1244 km, with an average of 525 &+ 420 m. The different ranges of
length expressed as a percentage of the total length are: 225-550 m (59%), 550-1053 m
(16%), 60-225 m (13%) and less than 3 km (3%). Eight deformed lithological types
were identified on the field where structures like schistosity, metamorphic foliation,
boudins, fractures and folds, forming three phases of deformation D1 to D3 were
measured without forgetting diaclases and subvertical N-S orientated venous of
quartzites. Four families of lineaments (N-S, NNE-SSW, NNW-SSE and E-W) were
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defined with two identified major fractures (N-S and WNW-ESE) cross-cutting each
other. The main directions of fractures, consistent with those of the Kribi-Campo
shear zone clearly demonstrate that groundwater flowing directions lie between
N330° and N045°E with an average direction of NO10°E, corresponding to the
recharge direction of the frequently renewed aquifers. The effective infiltration of
about 10% of the total rainfall in the region (2957.0 mm/year) corresponding to the
stock variation (ARi) equivalent to the effective recharge from 1991 to 2021. The rock
permeability ranged from 0.5 x 10~ and 11.0 x 10 m/s with an average of

2.5 x 10~? m/s as a function of the fractured or weathered state of the rock. The land
use/land cover classes include four macroclasses (Vegetation, Water bodies, Builts-up
and Bare soils) corresponding to: gallery forests and wetlands, plantations, crops and
fallow land, watercourses, bare soils and outcrops, buildings and roads. The areas
covered by these classes, expressed as percentages of the total study area, are: Vege-
tation: 90%, Water bodies: 5%, Bare soils: 4% and Built-up land: 1%. The GWRPZ map
shows five classes (very poor, poor, moderate, good and very good). This map can
help for a better understanding of groundwater recharge dynamics then for decision-
makers it will help for drilling programs as well as sustainable groundwater protection
and management in the area. Thus, the integration of Remote sensing, fieldworks
merged by Analytical Hierarchy Process (AHP) approach and GIS techniques is an
effective method for delineation of groundwater recharge potential zones. Being
highly valuable for the society, this work by addressing critical water resource chal-
lenges it will significantly contribute to sustainable development in the region.
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Chapter 4

Hydrogeophysical Investigations
for Groundwater Potentiality in

Arid and Semiarid Zones: A Case

Study in the Upper River Atbara
Watershed, Eastern Sudan

Khalid Nayl, Abdalla Elsheikh, Adil Elkrail
and Abobaker Elbahari

Abstract

This chapter is focusing on the application of hydro-geophysical methods to
investigate the groundwater occurrences in the area between Upper Atbara, Setit,
and Khashm EI Girba dams, Eastern Sudan. Vertical Electrical Sounding Techniques
were applied using Schlumberger Array in which the study area was covered by (177)
conducted points of Vertical Electrical Soundings (VES). The VES methods are used
to obtain detailed information about the depth to the basement rocks, find out the
resistivity of the different subsequent layers, identify aquifers thickness/boundaries,
and select suitable sites for drilling successful boreholes. Eight geo-electrical sections
were constructed in the study area in E-W and in N-S directions. The geophysical
investigations confirmed that the study area consisted of seven geological units:
superficial deposits, unconsolidated Karab formation, Rivers Atbara and Setit sedi-
ments, Cenozoic basalts, cretaceous sedimentary rocks, and the basement complex.
The study area was divided into upstream, middle, and downstream areas. The
variations in the apparent resistivity values indicate various formations and layers.
The study results revealed that the depth to the basement rocks occurred between 40
and 200 m below surface. The aquifers thickness varies between 20 and 80 m. The
main water-bearing formations in the study area are the Cretaceous Sandstone, River
Atbara sediments, and the fractured basalt near rivers.

Keywords: groundwater, geophysics, resistivity method, river Atbara, Sudan

1. Introduction

The geophysical techniques are well-known in geological exploration fields as
potential or direct applied methods such as gravity, resistivity, seismic, and act.
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The geophysical methods have difference response to physical properties (anomalies)
within the earth’s crust. Geophysical methods can help in solving the geological
problem through the detection of occurrence, thickness, and depth of the subsurface
layers [1].

Geophysical methods can be very effective in groundwater resources explora-
tion; hence, several geophysical techniques are commonly applied in groundwater
investigations. The Electromagnetic and Electrical Resistivity methods are the most
common geophysical methods used in groundwater exploration.

The theory of the electrical method is well explained in standard texts such as
references [2-5].Resistivity is the most appropriate geophysical method used in
groundwater exploration. This technique measures the resistance of the geologi-
cal formations. However, resistivity generally has lower resolution than TDEM

Figure 1.
Location of the study area sectors.
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techniques, in both vertical and lateral extensions, but resistivity is a comparatively
available and cheap method.

Resistivity can be an effective shallow sounding method, although the electrical
method are not well located to civil area due to interference from structures, fences,
and utilities [6].

The eastern part of the study area is situated in Kassala state, while the western
part located in Gedaref state, eastern Sudan. The study area is enclosed by latitudes
14.134170°N to 14.961004° N and longitudes 35.536336° E to 35.962208° E. The study
area is conforming irregular shape of about 3000 Km?, (Figure1).

The main objective of this chapter is focusing on the application of hydro-
geophysical methods to investigate the groundwater occurrences in the area between
Upper Atbara, Setit, and Khashm El Girba dams in eastern Sudan.

2. Electrical resistivity methods

The Electrical Resistivity method (ER) is the well-known geophysical method
applied in groundwater exploration field that is used for deep and shallow subsurface
groundwater exploration. The Vertical Electrical Sounding measurements determine
the thickness and resistivity values of different subsurface layers and aquifer zones [7].

2.1 Basic concepts

The electrical resistivity method had been used in the current investigation in
which Vertical Electrical Sounding (VES) techniques are thought to be as the most
significant in groundwater exploration to detect the vertical variations of subsurface
formations.

The nondestructive subsurface mapping technique is used for detecting subsur-
face phenomena such as underground water, cracks, buried channels, faults, frac-
tured, and weak weathered zones. The basis of the method employs measurements of
an electrical potential associated with subsurface electrical current flow generated by
a direct or slightly alternating Current. The electric current is sent to the subsurface
units through two current electrodes and measurement of the potential at the surface
through two potential electrodes [8].

The VES technique is applied to determine the vertical variations in electrical resis-
tivity values, whereas profiling technique is used to detect lateral changes in electrical
resistivity. The lateral variations are attributed to the variations in lithology, degree of
weathering, fracturing, and their water content [9]. The limitation of the resistivity
sounding method is due to horizontal (or lateral) change in the subsurface resistivity [10].

The most common arrays used in resistivity surveys are Schlumberger, Wenner,
Dipole-Dipole, and Lee-Partition Spread that depends on the survey portrayal [11].
The choice of the “best” array for field survey depends on the formation typeset and
on the sensitivity of the resistivity meter [10].

Ohm’s Law defines the association between the conducted current through a wire
and the potential voltage requisite to drive the current.

V=IR (1)

Where V is the voltage (volts), I is the curvent (amperes), and R is the vesistance
(ohms) [12].
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Figure 2.
The distribution of electrodes according to Schlumberger configuration.

The distances between the four electrodes is given by r1, 12, r3, and r4, as shown in
Figure 2; then, the resistivity is calculated according to the equation below:

()

The measured resistivity is called apparent resistivity, and its value is the resistiv-
ity of a homogenous earth material, [13]. The relationship between true and appar-
ent resistivity is complicated. The subsurface resistivity is affected by many factors
including rock types, properties and their contents, water composition, formation
homogeneity, and other geological and topographical rudiments [14]. The ground
resistivity is related to various lithological parameters such as porosity, contents, and
the degree of saturation [15].

The geophysical methods are always using to image the subsurface geology and to
reduce the high cost of drilling [16]. Generally, the crystalline rocks (metamorphic
and igneous) have high resistivity values, where the degree of fracturing and its water
contents will reduce their resistivity. The sedimentary rocks are usually porous and
higher water content discloses relatively low resistivity values. Clayey soils normally
have a relative lower resistivity values compared with sandy soil. The resistivity of
groundwater depends on the concentration of dissolved salts, which in general vary
from 20 to 100 Qm (Appendix A).

The clue of the application of the electrical sounding method in this investigation
is to identify resistivity zones that are related to adequate groundwater occurrences
since the VES data reflect the expectation of groundwater occurrence within different
geological formations.

2.2 Data acquisition

Schlumberger Array was adopted for the geophysical survey to attain the
maximum possible depths, with a maximum possible half separation (AB/2 = 800—
1000 m). In this array, the four electrodes are situated in straight line directly on the
surface in A M N B order (Figure 3).

The study area is covered by (177) of (VES) points distributed to cover the study
area (Figure 4). The coordinates of all VES points have been fixed by GPS device
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Figure 3.
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Location of the vertical electrical sounding points.

(Appendix B). The conductance of VES points was distributed to fill the gabs in

areas of no boreholes. During this investigation, an ABEM SAS-1000 Terrameter
Instrument (Sweden) was used for VES measurements.
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2.3 Data interpretation

The shapes of the plotted data curves give qualitative analysis, where measuring
the layers resistivity values and depths gives quantitative analysis. The free source
geophysical analytical software (IPLwy) from Moscow University was used for data
interpretation.

2.3.1 Qualitative interpretation

The geological knowledge of the study area is the chief to guide the geophysical
data interpretation. The qualitative interpretation concerned the curve shapes on the
apparent resistivity of various formations.

The field curves generally represent HA, AH, HKH, and KH curve types, demon-
strating 6-7 layers portray thick layers of relatively low resistivity values occurred in
the upstream area. In the downstream area, A-type curves are common, indicating
3-4 layers and the existence of basaltic rocks with relative higher resistivity values.

The aquifer zones are interpreted as average resistivity values (20-100 Qm). The
homogeneity of the geological formation reflects smooth curves shapes. In the middle
area, very low resistivity values (0-5 Qm) were recorded, indicating the existence of
saline water or clayey layers.

2.3.2 Quantitative interpretation

The VES curves are interpreted with IPI-,yy software. The program provides
an option of inverse modeling for the field curves as well as other options for direct
interpretation. In this study, a model for each field curve is proposed based on the
type of the curve and its resistivity variations. The program on iteration computes
a theoretical curve based on an input model and calibrated with the field curve.
The validity of the resulting model is checked against the prevailing lithological
and hydrological conditions in the vicinity of the VES point. Some geophysical
data could be directly converted to geological term, where other geophysical data
require substantial processing before they confirm certain geological indication
after interpretation [17].

Available of (64) boreholes, log data descriptions that cover the study area have
been used to assist the interpretation of the VES data (Appendix C). Variations in
apparent resistivity values were attributed to the inhomogeneity of formations strata.

2.3.2.1 Upstream area

The upstream area started from Showak town including Upper Atbara and Setit
dam areas and ended at Wad Elhelew town to the southeast.

In Showak area upstream, the dominant curves are HKH and KH types indicating
7 layers with 3 saturated zones with resistivity values ranging between 2 and 600
Qm. Near the river Atbara, the Static Water Levels (SWL) were monitored at shallow
depth ranging between 3 and 7 m. The recognized conductive zones characterize the
upper and lower aquifers and consist of Cretaceous sedimentary formation (Table1).

Around Abbuda camp in upstream area, the resistivity values are ranging between
10 and 600 Qm. The dominant curves are HKH and KH types indicating 5 layers.
The upper aquifer is composed of River Atbara sediments, where the lower aquifer
consists of Cretaceous Sandstone.

94



Hydrogeophysical Investigations for Groundwater Potentiality in Arid and Semiarid Zones...
DOI: http://dx.doi.org/10.5772/intechopen.1007086

LayerNo. Depth(m) Resistivity (Q.m) Geological units

1 0-10 2-10 Superficial deposits (composed of silts and fine sands)

2 10-70 60-120 Saturated River Atbara sediments

3 70-90 10-20 Dark clayey layers

4 90-120 30-60 Upper aquifer composed of Cretaceous Sandstone; medium to
coarse grained, various in color.

5 120-160 5-10 Clay sequence (gray in color).

6 160-200 30-80 Lower aquifer composed of Cretaceous Sandstone; medium to

coarse grained, various in color.

7 >200 > 600 Basement complex (granite and quartzite)

Table 1.
The interpretation of vesistivity curves in Showak area.

In Table 2, the static water levels (SWL) observed in boreholes are ranging
between 58 and 62 m below ground surface.

At Umm Gargoor area upstream, the dominant curves are HA and KH types signi-
tying 7 layers with resistivity values ranging between 6 and 200 Qm. The Cretaceous
Sandstone layer represents a conductive zone (Table 3). In some boreholes drilled
inside the refugee camp, the recorded SWL is ranging between 70 and 73 m.

In Wad Elhelew area, the dominant curves are HKH and KH types represent-
ing 6 different layers, with resistivity values ranging between 12 and 300 Qm.

The water-bearing zones composed of Cretaceous Sandstone and basaltic rocks
(Table 4). The static water levels (SWL) are ranging between 25 and 41 m below
surface.

In Upper Atbara and Setit dam areas, the number of (31) vertical electrical sound-
ing points have been concentrated. The dam area are divided into two parts, which are
Gedaref and Kassala areas.

The VESs were distributed as gird points in the Gedaref area with easting interval
of 500 m and northing interval of 800 m; the AB/2 separation reached 700-800 m.
The resistivity values are ranging between 2 and 600 Qm. The dominant curves are
detected as HA and A types, representing 67 layers. The HA curve shows apposite
conductive zone, while the A curve type shows the transition of resistivity values to a

Layer No. Depth(m) Resistivity (Q.m) Lithological descriptions
1 10 10-30 Superficial deposits
2 10-70 40-70 Upper aquifer consist of saturated River Atbara Sediments
3 70-110 100-300 Basaltic rocks (saturated fractured zone at the top, very hard
and dry by depth)
4 110-140 20-30 Lower Aquifer (Cretaceous Sandstone), medium to coarse
grained.
5 > 140 > 600 Basement complex (granite and quartzite).
Table 2.

The interpretation of vesistivity curves in Abbuda area (near to the River Atbara).
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Layer No Depth(m) Resistivity (Q.m) Geological terms

1 0-5 6-10 Black cotton soil

2 5-25 18-20 Dry sand

3 25-50 20-32 Clay, multicolor.

4 50-100 30-50 Basaltic rock, very hard to penetrate.

5 *100-120 35-70 Aquifer zone (Cretaceous Sandstone, medium to coarse grained,

various in color)

6 120-200 40-90 Mudstone overlain the basement complex
7 >200 >200 Basement complex (granite and quartzite)
Table 3.

The interpretation of vesistivity curves in Umm Gargoor area.

LayerNo. Depth(m)  Resistivity (Q.m) Lithological description
1 0-30 30-60 Superficial deposits
2 30-38 12-25 Confining clayey layers
3 38-90 60-70 Cretaceous Sandstone (coarse grained, partly saturated).
4 90-120 110-130 Weathered/fractured saturated basaltic rocks.
5 90-120 60-80 Aquifer of Cretaceous Sandstone (medium to coarse grained).
6 >120 >300 Intruded basaltic rocks (dry and hard).
Table 4.

The interpretation of vesistivity curves in Wad Elhelew area.

higher one, which they designate compacted layer on the basement complex, inter-
preted as compacted sandstone formation (Table 5 and Figure 5).

The VESs were distributed in gird points in Kassala area, with easting interval of
750 m and northing interval of 500 m. The measured resistivity values are generally
ranging between 10 and 600 Qm. The A, HA, HKH, and KH curve types are common

Layer No Depth(m) Resistivity (Q.m) Geological term
1 0-10 2-10 Superficial deposits (silts and fine sands)
2 10-25 60-120 Cretaceous Sandstone (dry and compact)
3 25-40 10-20 Clay materials
4 40-120 30-60 Aquifer zone of Cretaceous Sandstone (Medium to coarse
grained).
5 120-160 5-10 Mudstone and shale
6 > 160 > 600 Basement complex
Tables.

The interpretation of vesistivity curves in the dam area-Gedaref area.
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Figures.

Some typical measured vesistivity curves in Gedaref area (Upper Atbara dam area).
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(Tables 4 and 5). The KH/HKH curve types indicating 5-7 layers with conductive
zones of apparent resistivity ranges between 20 and 90 Qm (Table 6 and Figure 6).

In the dam area, the VES data reflect the resistivity variations in the subsurface
geological strata. The upstream area represents a sub-basin in which thick Cretaceous
sedimentary rocks were preserved (Table 7 and Figures 5 and 6). The SWL as
observed in the nearby observation wells is ranging between 45 and 57 m below the
ground surface.

Based on (Table 7) the apparent resistivity at depths of 100 and 120 m for Gedaref
area, it can be interpreted as that:

* Major Fault structure trends from southwest to north east through middle area.

* The aquifer is composed of sandstone at depth range between 80 and 110 m, and
there is no indication for the occurrence of basaltic rocks through the sequences.

* The conductive zone is represented by resistivity values range between 30 and 60
Qm.

* The high values of apparent resistivity may indicate the existence of hard forma-
tion or basement complex at depth of 160 m. The conductive zones occurred at
seven points as displayed in Table 8.

Based on (Table 7) the apparent resistivity at depth of (100,120) m for Kassala
area, it can be interpreted as that:

* The high values of apparent resistivity in eastern side at VES (14) may indicate
intrusion of thick basaltic formation.

* The conductive zone is represented by values range between 10 and 30 ohm\m.

* The conductive zones occur at nine points in the area as displayed in Table 9.

* The high values of apparent resistivity may indicate hard formation or basement

complex.

Layer No. Depth(m) Resistivity (Q.m) Lithological description

1 0-1 10-30 Superficial deposits

2 1-5 2-5 Clay, sticky and compact

3 5-20 100-450 Dry friable formation

4 20-30 15-30 Clay

5 30-110 100-300 Intrusive basaltic rocks (Fractured and saturated at the top and
very hard and dry below)

6 110-140 20-30 Aquifer zone (Cretaceous Sandstone, medium to coarse
grained, various in color)

7 > 140 > 600 Basement complex (granite and quartzite)

Table 6.

The interpretation of vesistivity curves in the dam area—Kassala area.
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Figure 6.
Some typical measured vesistivity curves in Kassala avea (Setit dam area).
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Gedaref study area Kassala study area

VES Resistivity (m) Resistivity (2m) VES Resistivity (Qm) Resistivity (Qm)at

points at100 mdepth at120 mdepth points at100 mdepth 120 mdepth

1 30 33 1 35 42

2 27 30 2 40 49

3 35 40 3 46 52

4 30 35 4 44 47

5 44 47 5 60 50

6 62 96 6 34 40

7 32 52 7 20 23

8 24 44 8 48 54

9 30 40 9 46 54

10 20 22 10 50 60

11 35 47 11 40 52

12 32 38 12 46 47

13 32 40 13 44 38

14 50 56 14 40 42

15 30 38 15 30 44
Table7.

The apparent resistivity at 100, 120 m depths for Gedaref and Kassala aveas.

Site No Coordinates Recommended depth (meters) Remarks
10 1,572,728 0811376 137
1 1,573,436 0811749 136
12 1,574,134 0812141 156
2 1,575,178 0811850 141
7 1,572,500 0811821 143
8 1,571,789 0811456 148
9 1,572,017 0811011 154
Table 8.

Recommended sites for drilling boreholes in Gedaref area (River Atbara).

In comparison the results of the lithological variations and thickness of the
aquifers in Kassala and Gedaref areas, (16) out of (31) VES points were recommended
for drilling boreholes (Tables 8 and 9). The relatively higher resistivity values are
attributed to the existence of a thick layer of basalts in Kassala and a thick layer of
mudstone in Gedaref areas.
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Site No Coordinates Recommended depth Remarks
(meters)

4 1,580,610 0818767 129

6 1,581,960 0820416 118

10 1,580,982 0817657 121

1 1,580,700 0816497 123

12 1,580,261 0816633 127

13 1,580,467 0817188 150

14 1,580,927 0818771 151

2 1,581,105 0820188 147 Weak conductive zone
5 1,580,374 0818066 135 Weak conductive zone

Tableg.

Recommended sites for drilling boreholes in Kassala area (River Setit).

2.3.2.2 Middle area

The middle part is the large part of the study area; it extended from Al Shagarab
villages to the north of Showak town. The recorded resistivity values are ranging
between 3 and 400 Qm. The common curves are KH, KHA, and A types. The KH and
KHA curves indicate 4-5 layers as saturated water horizons. Relatively thick River
Atbara sediments with different grain size occur in considerable thickness below the
surface representing a sedimentary basin. The high resistivity value was represented
in A curve type indicating the existence of basaltic rocks overlaying the basement
rocks. Away from the River Atbara course, dry and compacted stratum of basaltic
rocks occurred instead of River Atbara sediments (Tables 10 and 11 and Figure 7).
The SWL in the middle area, ranging between 9 and 10 m close to the River Atbara
and 20-25 m away from the river course.

2.3.2.3 Downstream area

The downstream part is located between the Shagarab villages and Khashm El
Girba dam at the north. The resistivity values are ranging between 10 and 500 Qm.
The A curve type is dominant, indicating 3-4 layers. The low resistivity values are
referring to clayey layers within the superficial deposits. The underlain basaltic rocks

Layer No. Depth (m)  Resistivity (Qm) Geological term
1 0-10 10-300 Superficial deposits (fine sands & silts).
2 10-20 1-20 Clayey layer.
3 20-60 20-70 River Atbara sediments (medium to coarse sand & gravels).
4 60-120 100-300 Basaltic rocks (Fractured/saturated in top, hard & dry below)
5 >120 > 500 Basement complex

Table 10.

The dominant curve types in the middle area (Near the River Atbara).
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Layer No. Depth (m) Resistivity (Qm) Geological term

1 0-10 3-60 Clay

2 10-30 20-100 Dry sand

3 30-140 120-200 Intrusive basaltic rocks, Dry and very hard to penetrate

4 > 140 > 300 Basement complex (granite and quartzite)
Table 11.

The dominant curve types in the middle area (away from River Atbara).
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Some typical measured vesistivity curves in middle area.

show relatively higher resistivity values over the basement rocks. The downstream
area considered as none water-bearing formation; in some seats in the downstream
area near River Atbara, a thin layer of River Atbara sediments is recorded as limited
water zone. The fractures/joints basaltic rocks represent a saturated zone within the
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river basin near the river bank indicating direct recharge from the river (Tables 12
and 13 and Figure 8). The SWL in the downstream area ranges between 6 and 8 m
depths as it observed from the existing wells data.

2.4 Geo-electrical sections in the study area

Eight geo-electrical sections were constructed using the results of the interpre-
tation of the VES results, which correlated with the existed boreholes data. The
geo-electrical sections were formed in N-S and E-W directions. Two geo-electrical
sections are located on the upstream area, three geo-electrical sections situated on
the middle area, and two sections located on the downstream area. One geo-electrical
sections extended along the study area in N-S direction from the downstream to
upstream areas (Figure 9).

2.4.1 Geo-electrical section No.1

The section involves VES105, VES99, VES96, VES95, VES163, VES143,
VES148VES 149, VES61,VES60,VES25,VES56,VES39, and VES 37 (Figure 9). This
section started from Jebel Karkora and terminated at Alfashaga area trending in
N-S direction. It contains 7 layers; from the top to bottom, superficial deposits with
thickness ranging between (2-20 m) with resistivity values range from 2 to 30 Qm.
The second layer consists of dry sand with thickness ranging between 5 and 20 m
with resistivity values range from 18 to 20 Qm. The third layer is clay with thick-
ness ranging between 1 and 10 m with resistivity values range from 2 to 6 Qm. The
fourth layer is basaltic rocks, which started from Jebel Karkora in Kassala area and
terminated at VES99 in Gedaref area (Figure 10). The layer thickness is ranging
between 50 and 80 m with resistivity values range from 100 to 300 Qm. The fifth
layer represents the aquifer zone that consists of sandstone with thickness ranging
between 30 and 40 m, and resistivity values range from 30 to 80 Qm. This sandstone
layer sometimes occurred dry and compact at the surface near the Upper Atbara River

Layer No. Depth (m) Resistivity (Q.m) Geological unit
1 0-10 10-300 Superficial deposits (consist of fine sand and silt).
2 10-30 30-40 River Atbara sediments (aquifer formation).
3 30-100 60-80 Fractured basaltic
4 >100 >100 Basement complex
Table 12.

The interpreted geo-electrical section in downstream area (Near the River Atbara).

Layer No. Depth (m) Resistivity (Q.m) Geological term

1 0-10 10-75 Clay, black in color.

2 10-60 100-300 Intrusive basaltic rocks (dry and very hard to penetrate)

3 > 60 > 500 Basement complex (granite and quartzite)
Table 13.

The interpreted geo-electrical section in downstream area (away from the River Atbara,).
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Figure 8.

Some typical measured resistivity curves in the study area (Downstream area).

bank with thickness ranging between 2 and 30 m, and resistivity values range from 60
to 120 Qm. The sixth layer is detached layer of mudstone occurred at the middle part
of the cross section with thickness range from 40 to 80 m; the resistivity values range
from 40 to 90 Qm. The last unit is the basement rocks located at 120-170 m depth; the
resistivity values range between 200 and 600 Qm (Figure 10).

Generally, the geological units in this section are structurally controlled. Three
points (VES105, VES99, and VES96) are recommended for drilling boreholes; one
point of them (VES 149) was confirmed by drilling.
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Figure 9.
Location map of the geo-electrical sections in the study area.

2.4.2 Geo-electrical section No.2

The geo-electrical section was a buildup from VES158, VES160, VES166, VES162,
VES163,8 VES2, VES 91, and VESS8. The constructed section started from the eastern
bank of the River Setit (Kassala area) and terminated at the western bank of River
Atbara (Gedaref area) in E-W direction (Figure 9). It consists of 7 layers; the top
layer is a form of superficial deposit with 5 and 20 m) thickness, with resistivity val-
ues ranging between 2 and 30 Qm. The top layer was underlain by a thin layer of dry
sand portray thickness ranging between 6 and 14 m with resistivity values ranging
from 100 to 450 Qm. The sandy layer was observed on the eastern bank of the River
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Figure 10.
Cross section No.1 located at the upstream part of the study area.

Atbara (Kassala area). A clayey confining layer underlies the dry sandy layer of 10 and
50 m thickness, with resistivity values ranging from 2 to 30 Qm. The basaltic rocks is
expected to underlie the clayey layer with thickness ranging between 20 and 90 m,
with resistivity values ranging from 100 to 300 Qm. The thickness of basaltic layer
increased on the eastern bank of the River Atbara (Kassala area) and moved out at the
Gedaref area, at the western bank of the River Atbara. The saturated zone is of rela-
tively low resistivity compared to that unsaturated zone. The aquifer zone is expected
below the basaltic layer, form of sandstone with 20-65 m thickness, and resistivity
values ranged from 10 to 70 Qm. The fine-grained sandstone indicated low resistiv-
ity values, while the coarse grained sandstone revealed relatively higher resistivity
values. The sandstone layers represent the main appreciable water bearing formation.
The mudstone layer is mainly concise to the Gedaref area at the western bank of River
Atbara with thickness reaching 30-40 m of resistivity values ranging between 1 and

5 Qm. The basement complex represents the deepest unit situated between 120 and
160 m depths of resistivity values ranging from 600 to 2100 Qm.

The conducted (WES) points in this section were considered as promising sites for
drilling boreholes except the point at VES 158, which is not recommended for drilling
in which the thick basaltic layer is expected (Figure 11). The drilling confirmed the
groundwater potentiality at VES 91 and VES 88 locations. This section confirmed that
the western bank of the River Setit was uplifted in which the riverbed is highest by 4
meters compared to River Atbara bed.

2.4.3 Geo-electrical section No.3

This cross section was based on VES139, VES138, VES23, VES64, and VES62 that
extended in E-W direction (Figure 9). The section shows six layers, starting from a
thin layer of superficial deposits at the top with thickness varies between 5 and 15 m,
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Cross section No.2 located at the upstream part of the study area.

with resistivity values ranging from 10 to 300 Qm. A confining layer of clay with
thickness ranging between 5 and 25 m with resistivity values ranging from 1 to 20 Qm
underlies the top superficial deposits. A dry sandy layer occurred at the right and left
sides of the cross section and missed in the middle part of the cross section display
layer thickness ranging between 10 and 30 m, with resistivity values ranging from 20
to 100 Qm. A layer interpreted as River Atbara sediments, partly saturated (gravels,
medium to coarse sand), extended within the River Atbara bank and represents the
main aquifer in the middle stream area. Its thickness reaches 40 m, and resistivity
values range from 20 to 70 Qm. A very thick layer of basaltic rocks occurred of 60
and 90 m thickness of resistivity values ranging from100 to 300 Qm. The depth of
the basement complex is 140 m in the west direction (Figure 12). The recommended
points (VES138, VES23, and VES 64) were located near River Atbara within River
Atbara sediments aquifer, which they confirmed by successful drilling. VES 62 is not
recommended for drilling that is located far from the River Atbara and expected to be
situated within the basaltic rocks extension.

2.4.4 Geo-electrical section No.4

The geo-electrical section contains VES119, VES136, VES42, VES40, VES43, and
VES45 crossing the main River Atbara in the middle stream area in E-W direction
(Figure 9). This section reveals six formational units; the top layer confirms super-
ficial deposits with 10 to 30 m thickness. The resistivity values of this layer, ranging
between 10 and 300 Qm, referred to the existence of dry sand; the layer terminated
at VES40. Clayey layer underlies the top layer with 13-40 m thickness, and resistiv-
ity values range between 3 and 60 Qm. On the western and eastern sides of the cross
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Figure 12.
Cross section No. 3 located at the middle part of the study area.

section, a thin dry sandy layer occurred and disappeared somewhere at the middle

of the section. Partially saturated layer underlies the sandy layer composed of River
Atbara sediments and reaches 40 m thickness, with resistivity values ranging from 20
to 70 Qm. A thick basaltic layer underlies the River Atbara sediments and rests on the
basement rocks. It reaches 60-110 m thickness, and resistivity values range from 100
to 300 Qm. The depth to basement rocks is expected to be between 113 and 160 m of
resistivity values ranging from 300 to 500 Qm (Figure 13).

The River Atbara sediments are characterized the aquifer zone located at stations
(VES136, VES42); the saturated fracture zone of the basaltic rocks is detected at
station VES119 (Figure 13). VES119 and VES136 are confirmed by successful drilling,
resulting good yield. VES40, VES43, and VES45 are not recommended for drilling
located out of the aquifer zone, while VES42 represents the promised site for drilling.

2.4.5 Geo-electrical section No.5

This section includes VES128, VES134, VES9, and VES27, oriented in E-W direc-
tion (Figure 9). It indicates four layers; the upper layer in the section was dominated
by clayey layer, of resistivity values ranging between 1 and 20 Qm and thickness rang-
ing between 10 and 20 m. A dry sandy layer underlies the upper layer with resistivity
values ranging between 18 and90 Qm; the thickness of this layer ranges between 10
and 30 m. The layer consists of injected basaltic rocks underlying the sandy layer. The
resistivity values of the intrusive layer range between 100 and 300 Qm, with thick-
ness ranging between 40 and 65 m. These basaltic rocks are fractured and saturated
at the top level; it poses very hard and dry in the lower part. The basement complex
occurred as the lowest unit in this section with resistivity values ranging between 300
and 500 Qm. The depth to the basement complex reaches above 80 m. The basement
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Figure 13.
Cross section No.4 located at the middle part of the study area.

complex occurred at a shallower level at the eastern bank of the river Atbara com-
pared with the western bank (Figure 14).

In this section, VES134 and VES9 are recommended for drilling boreholes, which
are located on the saturated fractured basaltic zones attached to the river. VES128
and VES27 are not recommended for drilling because they are situated away from the
saturated zone.

2.4.6 Geo-electrical section No.6

The section is constructed on VES1, VES2, VES3, VES29, VES7, and VES6 in N-S
direction (Figure 9). It is composed of four layers, superficial deposits with resistivity
values ranging between 12 and 75 Qm and thickness ranging from 5 to 10 m. The River
Atbara sediments which are represent a saturated water bearing formation with resistiv-
ity values range from 30 to 40 Q.m, and 10-20 m thick. The saturated fractured and
jointed basaltic rocks vary in resistivity values ranging from 60 to 80 Qm with thickness
varying from 10 to 75 m. The basement complex is of relatively high resistivity values
ranging from 100 to 500Qm and depths varying from 30 to 100 m. The depth to the
basements increases from south to north direction, where it crops out on the eastern
bank of the River Atbara bed near Khashm El Girba dam at the north (Figure 15).

All VES points of this section are located on the aquifer zone consisting of River
Atbara sediments. The drilling confirmed VES2 and VES29, which evidence saturated
water-bearing zone.

2.4.7 Geo-electrical section7

VES116, VES110, VES112, VES29, and VES8 were used to build the geo-electrical
Section 7. The section is situated on the downstream area extended in E-W direction
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Cross section No.5 located at the middle part of the study area.
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Figure 15.
Cross section No.6 is located at the downstream part of the study area.

(Figure 9). The section revealed five geological sequences; superficial deposits
detected by (VES112 & VES29) and displayed near the river. The resistivity values
of this layer range from 10 to 300 Qm with 10 m thickness. The low resistivity values
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within the formation represent clay layers, while the relatively higher resistivity
values indicate dry sandy layers. VES116, VES110, and VESS indicate clayey layer
located away from the river with resistivity values ranging between 10 and 75 Qm
and 10 m thickness. The top layers overlay the aquifer formation composed of River
Atbara sediments that occurred near to the river. VES112 and VES29 define the
saturated formation at the middle part of the cross section. The recorded resistivity
values of the River Atbara sediments range from 30 to 40 Qm with 10-15 m thick-
ness. A sequence of basaltic rocks is expected to rest on basement complex rocks
with resistivity values ranging from 60 to 300 Qm and 20-50 m thickness. The top
part of these basaltic rocks is fractured and saturated at shallow levels (near the
recharge source) and very hard and dry below. The basement complex rocks rep-
resent the bottom unit of the section. The resistivity values range between 100 and
500 Qm; the depth to the basement reaches 40 m near the river and 70 m away from
the river (Figure 16).

The geo-electrical section evidences that all VES points are recommended for
shallow drilling, except at the VES 116 location, which is situated out of the aquifer
zone.

2.4.8 Geo-electrical section No.8
This section constructed along the downstream area, middle area, and
upstream area, in the N-S direction, included VES118, VES131, VES129, VES128,

VES124, VES123, VES120, VES145, VES146, VES158, VES153, and VES175
(Figure 9). The sequences in this section represent five layers: clayey layer, sandy
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Figure 16.
Cross section No.7 located at the downstream part of the study.
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layer, intrusive basaltic layer, sandstone layer, and the basement complex. The
resistivity values of clay range from 6 to 75 Qm with 5-20 m thickness. The resis-
tivity values of the sandy layer range from 18 to 100 Qm with 6-35 m thickness.
This sandy layer was missed in VES131 and VES118 as a result of structural affect.
The resistivity values of the basaltic rocks range from 60 to 300 Qm with 80-115 m
thickness. The resistivity values of sandstone range from 20 to 80 Qm with
11-40 m thickness. This layer was preserved by faults and occurred as discontinued
strata that terminated at VES175 and VES153. The southern part of this section is
expected as a highly potential zone. The sandstone layer is expressing as a very thin
layer at the VES158 location (not recommended for drilling). The resistivity values
of the basement rocks range between 100 and 600 Qm with 110 and 160 m depth
(Figure 17).

Generally, only the southern part of this section has potential for groundwater
occurrence, while the remaining parts of the profile are located in unsaturated zone
and not recommended for drilling boreholes.

2.5 The hydro-geophysical investigation findings

The water potentiality map (Figure 18) was constructed based on the results of
the (177) vertical electrical sounding. The main findings can be summarized as:

* (09) Points were conducted at productive boreholes used for calibration
purposes.

* (88) Points are evident as promising drilling sites.
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Figure 17.
Cross section No.8 extended from upstream to downstream area.
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Water potentiality map (Confirm by drilling data,).

* (28) Points were confirmed by drilling.

* (80) Points are not recommended for drilling after data interpretation.
The aquifer in the study area seems to be wider at the upstream area and gets nar-

rower towards the downstream area. The common promising and productive zones
consist of:
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* The existence of the River Atbara sediments, extended along the River Atbara
from the upstream area to downstream area, except on the eastern part of the
downstream area near Khashm el Girba dam.

* The existence of the Cretaceous sandstone, which occurs in the upstream part
area including Wad Elhelew area, Upper Atbara/Setit dam’s area, Showak area,
and Um Gargoor area.

* The existence of the saturated fractured basaltic rocks, which covered the area
attached to River Atbara banks.

Generally, the VES data indicate that:

* The aquifer thickness of River Atbara sediments is controlled by the lateral and
vertical sedimentary facies changes and with the undulations of the basement
complex configuration.

* The thickness of the Cretaceous sandstone aquifer zone is affected by the thick-
ness of the intrusive basaltic rocks, thickness of mudstone, and the undulations
of the basement complex.

* The saturation of the basaltic rocks is effected by the distance from the river as a
recharge source, which is more saturated near River Atbara.

3. Conclusions

The current investigations concerned the Upper River Atbara watershed and its
groundwater potentialities. The study area is extended from Upper Atbara and Setit
dams situated south to Showak town at about 30 km to Khashm El Girba dam near El
Girba city to the north. The study area is located in the arid and semiarid zones, with
annual rainfall ranging from 425 to 1166 mm.

Geophysical and hydro-geological investigations were used to assess the ground-
water resources in the upper River Atbara and Setit.

The geology of the study area composed of the basement complex, sedimentary
rocks Cenozoic basalts, River Atbara sediments, unconsolidated Karab formation,
and superficial deposits. Major and minor faults represent the major structural
phenomena in the study area controlling formations thickness and the courses of the
rivers and khors.

Hydro-geologically, the study area is divided into three sectors: upstream, middle,
and downstream areas. The upstream area is characterized by three main aquifer
zones as groundwater basins at Showak, Wad Elhelew, and Umm Gargoor area loca-
tions. The occurrences of the Cretaceous sandstone layers characterized the aquifer
in the upstream area. The aquifer system in the middle area started from River Atbara
and extended under the Karab formation. It is bounded by the plain area; the width
of the aquifer is extended between 3 and 5 km on each side of the river banks. The
aquifer zones in the downstream area do not exceed 1.5 km on the western bank and
1 km on the eastern bank of River Atbara.
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Some similarity between the middle and downstream areas: in both areas, the
aquifer is composed of River Atbara sediments and fractured basaltic rocks portray
different thickness, aquifer zones, and well yield.

The average depth to the basement complex (BC) in the upstream area ranges
between 120 and 200 m. The average depth to the basement rocks in the middle area
ranges between 90 and 150 m, while it is shallower in the downstream area and ranges
between 40 and70 m below ground surface.
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Appendix A
See Tables Al and A2.
Material Resistivity (Q2m) Conductivity (Qm)™!
Igneous and metamorphic rocks
Granite 5x 103-106 10-6-2x107*
Basalt 103-106 10-6-1073
Slate 6x 102-4 x 107 25x10%1.7x1073
Marble 102-2.5 x 108 4x10-9-1072
Quartzite 102-2 x 108 5x10-9-1072
Sedimentary Rocks
Sandstone 8-4 x 103 2.5 x 104 - 0.125
Shale 20-2 x 103 4x10™-0.05
Limestone 50—4 x 102 25x107-0.02
Soils and Waters 1-100 1
Clay 10-800 1.25x1073-0.1
Alluvium 10-100 0.01-0.1
Groundwater (fresh) 0-15 6.7
Sea water
Chemicals and Metals
Tron 9.074 x 107 1102 x 107
0.01 M Potassium chloride 0.708 1413
0.01 M Sodium chloride 0.843 1.185
0.01 M acetic acid 6.130 0.163
Xylene 6.998 x 1016 1. 429 x 10-17
Table A1.

Resistivity of some common rocks, minerals, chemicals, and metals according to Loke [18].
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Material Resistivity (Qm)
Common Rocks
Top soil 50-100
Loose sand 500-5000
Gravel 100-600
Clay 1-100
Weathered bed rock 100-1000
Sandstone 200-8000
Limestone 500-10,000
Greenstone 500-200,000
Gabbro 100-500,000
Granite 200-100,000
Basalt 200-100,000
Graphitic schist 10-500
Slates 500-500,000
Quartzite 500-800,000
Ore Minerals 0.01-100
Pyrite (ores) 0.001-0.01
Pyrrhotite 0.005-0.1
Chalcopyrite 0.001-100
Sphalerite 1000-1,000,000
Magnetite 0.01-1000
Hematite 0.01-1,000,000
Table A2.

Resistivities of common vocks and mineral according to Milsom [16].

Appendix B

See Table B1.

No. Location Lat Long

1 Rumeila 1 14.90802 35.87097
2 Rumeila 2 14.89187 35.86552
3 Munbaa 1 14.86227 35.86700
4 Munbaa 2 14.8718 35.83107
5 Munbaa 14.86216 35.86711
6 Shaqarabgreb 1 14.79306 35.88382
7 Shagarabgreb 2 14.81162 35.87579
8 Shaqarabgreb 3 14.82960 35.81837
9 Shagarabgreb 4 14.76759 35.86318
10 Mayela 1 14.53453 35.42737
11 Mayela 2 14.63005 35.41902
12 Mayela 3 14.64810 35.47856
13 Mayela 4 14.66880 35.54080
14 Mayela 5 14.48299 3544783
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No. Location Lat Long

15 Wad Hassan 1 14.56554 35.86705
16 ‘Wad Hassan 2 14.50723 3577684
17 Wad Hassan 3 14.54830 35.87562
18 Magat W. Kheder 14.57200 35.88119
19 MagatA Elnabe 1 14.68770 35.80454
20 MagatA Elnabe 2 14.70873 35.88312
21 MagatA Elnabe 3 14.66609 35.75485
22 MogqattaElsoog 14.64856 35.79379
23 Hagar Abyad 1 14.49048 35.87344
24 Hagar Abyad 2 14.51306 35.85472
25 Hagar Abyad 3 14.46840 35.82385
26 Hagar Abyad 4 14.47074 35.85973
27 Eldewehl 14.77347 35.80735
28 Eldeweh2 1473118 35.78667
29 Eldeweh3 14.83048 35.87216
30 Shengryarah 1 14.46573 35.89446
31 Shengryarah 2 14.46494 35.87563
32 Shengryarah 3 14.44529 35.86439
33 wad Elhade 1 14.54728 35.81779
34 wad Elhade 2 14.44105 35.70287
35 wad Elhade 3 14.54753 35.85257
36 MogqattaJubarab 1 14.63888 35.84559
37 MogqattaJubarab 2 14.59304 35.72556
38 MogqattaJubarab 3 14.63690 35.81965
39 MoqattaJubarab 4 14.56325 35.74353
40 ElmugasamahElElnoor 1 14.61625 35.83658
41 ElmugasamahEl.Elnoor 2 14.58872 35.83129
42 ElmugasamahEl.Elnoor 3 14.61023 35.86881
43 ElmugasamahEl Elnoor 4 14.61690 35.80793
44 Elmansurah5 14.58966 35.87083
45 ElmugasamahEl.Elnoor 6 14.61360 35.77805
46 Elmugasamah El. Elnoor 7 14.63352 35.76179
47 ElmugasamahElElnoor 8 14.52974 35.73298
48 ElmugasamahElElnoor 9 14.46898 35.74585
49 ElmugasamahEl Elnoor 10 14.58772 35.80173
50 ElmugasamahEl Elnoor 11 14.57708 35.77606
51 ElmugasamahEl Elnoor 12 14.59512 35.88487
52 ElmugasamahEl Elnoor 13 14.49224 35.70509
53 ElmugasamahEl Elnoor 14 14.62504 35.88188
54 Elmugasamah El.Elnoor15 14.67594 35.87048
55 Jubarab 16 14.64507 35.87265

117



Groundwater Frontiers — Techniques and Challenges

No. Location Lat Long

56 Elmansurah 1 14.53774 35.77513
57 Elmansurah 2 14.62117 35.85451
58 Elmansurah 3 14.58422 35.85352
59 Merrebiah 1 14.43295 35.88083
60 Merrebiah 2 14.44661 35.84492
61 Merrebiah 3 14.40964 35.86676
62 Merrebiah 4 14.49423 35.83192
63 Mabroukah 1 14.52757 35.83616
64 Mabroukah 2 14.49238 35.85227
65 Mabroukah 3 14.48956 35.79208
66 Umm bade 1 14.47086 35.80158
67 Umm bade 2 14.39917 35.81764
68 Umm bade 3 14.44596 35.76924
69 Umm bade 4 14.40177 35.83800
70 Umm Garal 14.34408 35.78360
71 Umm Gara2 14.35388 35.83817
72 Umm Gara 3 14.34822 35.81285
73 Um Grgour 1 14.53761 35.64524
74 Um Grgour 2 14.56020 35.51243
75 Um Grgour 3 14.56617 35.63500
76 Um Grgour 4 14.50485 35.65538
77 Um Grgour 5 14.59692 35.62541
78 Um Grgour 6 14.50426 35.52131
79 Moharagat 1 14.42204 35.73805
80 Moharagat 2 14.36743 35.73603
81 Moharagat 3 14.38601 35.69267
82 W. Alamarah 1 14.26614 35.87652
83 W. Alamarah 2 14.28993 35.85842
84 W. Alamarah 3 14.23194 35.81697
85 W. Alamarah 4 14.24404 35.86940
86 W. Alamarah 5 14.23696 35.84292
87 W. Alamarah 6 14.27796 35.83676
88 W. Alamarah 7 14.25324 35.82819
89 Aburaed 8 14.25180 35.88889
90 W. Alamarah 9 14.26273 35.80607
91 W. Alamarah 10 14.25908 35.85276
92 W. Alamarah 11 14.30276 35.84110
93 Atbara1 14.21840 35.83704
94 Atbara?2 14.23270 35.88695
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95 Atbara 3 14.23002 35.93760
96 Atbara 4 14.20869 3594884
97 Atbara 5 14.22455 35.89946
98 Atbara 6 14.21019 35.88609
99 Atbara7 14.18941 35.95889
100 Atbara 8 14.17260 35.88573
101 Atbara 9 14.16474 35.84939
102 Atbara 10 14.18222 35.86330
103 Atbara 11 14.18886 35.83838
104 Atbara12 14.22553 35.86530
105 Atbara13 14.16225 35.97229
106 Atbara 14 14.20253 35.85710
107 Atbara 15 14.20474 35.81955
108 Elmashlab 1 14.91440 35.92534
109 Elmashlab 2 14.87481 35.92545
110 Alalem Shamall 14.87316 35.96554
111 Alalem Shamal2 14.89551 35.92529
112 Alalem Shamal3 14.85318 35.92470
113 Alalemwasat 1 14.84983 35.94361
114 Alalemwasat 2 14.85709 36.00614
115 Alalemwasat 3 14.84302 35.98146
116 Alalemjnoob 1 14.88733 36.00228
117 Alalemjnoob 2 14.86363 35.99025
118 Alalemjnoob 3 14.87460 36.02866
119 Shaoatsherg 1 14.60569 35.93164
120 Shaoatsherg 2 14.68189 36.03224
121 Shaoatsherg 3 14.58453 35.94225
122 shaoatsherg 4 14.55208 35.90982
123 shaoatsherg 5 14.71417 36.03340
124 shaoatsherg 6 14.74725 36.03007
125 katutsherg 1 14.51362 35.88908
126 katutsherg 2 14.52882 35.90730
127 ShaqarabRuhal 1 14.74570 35.94113
128 ShagarabRuhal 2 14.78486 36.02920
129 Shaqarabsherg 1 14.81315 36.02935
130 Shaqarabsherg 2 14.75748 35.97235
131 Shaqarabgooz 1 14.84538 36.02984
132 Shaqarabgooz 2 14.81372 36.00122
133 Shaqarabgooz 3 14.81436 35.97337
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No. Location Lat Long

134 Shaqarabgooz 4 14.78370 35.97892
135 Umm oud 1 14.58261 35.90577
136 Umm oud 2 14.61318 35.90329
137 Umm oud 3 14.65084 35.90065
138 Aleyan1 14.49202 35.90748
139 Aleyan2 14.48833 35.94333
140 Abuda1 14.37343 35.91272
141 Abuda?2 14.36682 35.89472
142 Mellagah 1 14.33472 35.92216
143 Mellagah 2 14.32887 35.89865
144 Annater 1 14.38147 35.97167
145 Annater 2 14.43503 36.01761
146 Annater 3 14.38860 36.01954
147 Aradeiba 1 14.34174 35.86164
148 AradeibaKananah 2 14.34834 35.89486
149 Aradeiba(Hag Ahmed) 3 14.38555 35.87977
150 Aradeiba (Abuda) 4 14.36133 35.93940
151 Aradeiba(Kananah) 5 14.40236 35.89529
152 Aradeiba(Hag Ahmed) 6 14.36221 35.86814
153 Setit1 14.28336 36.04842
154 Setit2 14.29044 35.99614
155 Setit 3 14.22741 35.95343
156 Setit 4 14.28382 35.95929
157 Setit 5 14.26435 35.95479
158 Setit 6 14.32898 36.04676
159 Setit7 14.34638 35.96806
160 Setit 8 14.31487 36.00499
161 Setit 9 14.32897 36.01768
162 Setit 10 14.30118 35.95021
163 Setit 11 14.29188 3591301
164 Setit 12 14.17616 36.02429
165 Setit 13 14.27555 35.93444
166 Setit 14 14.30862 35.97997
167 Setit 15 14.33063 35.99184
168 Setit 16 14.32931 35.94728
169 Setit 17 14.20636 35.98352
170 Setit 18 14.27182 35.98480
171 Setit 19 14.26229 36.01323
172 Setit 20 14.31131 36.03410
173 Setit 21 14.25328 35.98850
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No. Location Lat Long
174 Setit 22 14.23787 36.01084
175 Wad Elhelew 1 14.24688 36.04939
176 Wad Elhelew 2 14.26353 36.03409
177 Wad Elhelew 3 14.28566 36.02401

Table Ba.

The number and names of the VES points carried out in the study area.

Appendix C
See Table C1.

Borehole name Lat Long Elevation (m)

1 Rumeila(Alryan) 14.90113 35.86875 480
2 Rumeila 14.90356 35.85977 480
3 Rumeila—S 14.88038 35.86427 470
4 Munbaal 14.86172 35.86605 481
5 Eldeweh 14.83742 35.88156 497
6 Shaqarab greb2 14.81408 35.90213 477
7 Wad Ebuied 14.75406 35.8949 481
8 Wad Essiea 14.74356 35.89322 496
9 Wad Hassan3 14.57081 35.88 500
10 MoqattaJubarab 14.63607 35.87228 499
1 Mogqatta Wad Elzein 14.6469 35.8654 489
12 MoqattaElsoog 14.66849 35.8654 493
13 ElmugasamahelshekhElnoor 14.5994 35.86939 493
14 Almunsora 14.5919 35.86667 498
15 AlmadinahAarab 14.59172 35.8667 500
16 Magate 14.57908 35.87306 496
17 Magate shoot Shamal 14.5701 35.88788 496
18 Magate Wad Mohamadeen 14.56448 35.88847 504
19 MagatAbd Elnabe2 14.69407 35.8726 489
20 AlshareefHasaballa 14.557 35.87641 492
21 Wad Elhade 14.53368 35.85912 503
22 Mabroukah—New 14.50885 35.85252 509
23 Hagar Abyad 14.47384 35.88191 498
24 Shengryarah 14.4594 35.88012 494
25 Merrebiah 14.44044 35.88 491
26 Umm Gargoor 1 14.50121 35.62597 538
27 Umm Gargoor 2 14.50774 35.63789 532
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Borehole name Lat Long Elevation (m)
28 Karkoral 14.50532 35.62244 517
29 Showak10 14.37022 35.81721 510
30 Showak20 14.38976 35.82773 509
31 Showak25 14.4073 35.83725 508
32 Showaké 14.42383 35.84527 507
33 Showak5 14.3722 35.83463 503
34 Showak31 14.39126 35.8573 502
35 Showak?2 14.41076 35.87641 501
36 Alamara Wad Elzein 14.42849 35.86811 516
37 El Muneira 14 13.933 3553.084 514
38 Tommat Wad Zaied 14.29857 35.84453 489
39 Aburead 1415780 3553.372 516
40 Albushra 14.2585 35.82645 526
41 AlalemShamal 14.8651 35.91571 478
42 Alalemwasat 14.83867 35.92888 485
43 Alalemjnoob 14.49.904 3556.538 482
44 Shaoatsherg 1 14.57535 35.91476 486
45 Shaoat sherg2 14.57245 35.91738 490
46 Almugatahshreg 14.67201 35.89497 484
47 Umm oud 14.59826 3591211 501
48 AlshareefHammad 14.54845 35.91519 506
49 Alkarada 14.53483 35.894 502
50 Elyan 14 30.478 3553.156 498
51 Elyan village 14.50737 35.88513 498
52 Abbuda 14.35693 35.89009 510
53 Abbuda2 14.35883 35.88481 510
54 Abbuda 3 14.36109 35.88775 510
55 Abbudda Sudanese 14.351 35.88104 520
56 Umm Ali 814,793 1,581,953 510
57 Mellagahl 14.31085 3591122 514
58 Zakrial- East 14.28407 35.93329 516
59 Zakria2- West 14.28345 35.93063 514
60 Wad Elhelew 1 14.27132 36.00191 524
61 Wad Elhelew 2 14.24796 36.03106 529
62 WadElhelew3 14.22031 36.05302 522
63 WadElhelew4 14.22553 36.02992 521
64 WadElhelew5 14.25208 36.0004 519
Table C1.

The number and coordinates of the monitored boreholes in the study area.
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Chapter 5

Integrated Geophysical Techniques
for Subsurface Characterization
and Groundwater Assessment:

A Case Study from the University
of Benin, Nigeria

Efetobore Gladys Maju-Oyovwikowhe, Ekenakema Uwa-Igbinoba
and Owens Monday Alile

Abstract

This chapter investigates the application of integrated geophysical surveys,
specifically electrical resistivity and seismic refraction methods, to characterize the
subsurface at the University of Benin, Nigeria. The study’s primary objective was to
delineate subsurface geological features, evaluate groundwater potential, and assess
environmental conditions critical for sustainable resource management and infra-
structure development. The integration of electrical resistivity and seismic refraction
techniques provided a comprehensive understanding of the subsurface, revealing
significant variations in geological structures, identifying high-yield aquifer zones,
and evaluating geotechnical properties essential for construction and environmental
planning. The chapter explores the effectiveness of these integrated methods in
complex geological settings, addressing the challenges encountered and proposing
strategies for optimizing data acquisition and interpretation. The findings highlight
the importance of employing multiple geophysical approaches to obtain precise and
reliable subsurface models, which are vital for informed decision-making in ground-
water management and environmental stewardship. This case study offers valuable
insights and practical guidelines for the application of geophysical methods in similar
geological contexts, aiming to enhance the sustainability of groundwater resources
and improve the resilience of environmental systems. Through these efforts, the study
contributes to the advancement of environmental geophysics and its applications in
resource management.

Keywords: geophysical surveys, electrical resistivity, seismic refraction, subsurface

characterization, groundwater assessment, environmental geophysics, University of
Benin
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1. Introduction

Geophysical surveys are essential tools in understanding the Earth’s subsurface,
providing vital information that informs a variety of applications such as groundwa-
ter exploration, environmental assessments, and infrastructure development. These
surveys employ a range of techniques, with electrical resistivity tomography (ERT)
and seismic refraction emerging as particularly effective methods for subsurface
characterization, especially in regions with complex geological settings. This chapter
explores the application of these integrated geophysical techniques at the University
of Benin, Nigeria, aiming to delineate subsurface geological features, evaluate
groundwater potential, and assess environmental conditions.

1.1 Context and importance of geophysical surveys

Geophysical methods have long been recognized for their ability to provide
non-invasive, detailed insights into the subsurface. ERT, for instance, measures the
resistivity distribution of subsurface materials, making it particularly effective in
identifying variations in lithology, fluid content, and porosity. This technique is
invaluable in groundwater exploration and environmental studies where understand-
ing the distribution of these properties is crucial for effective resource management
[1, 2]. Seismic refraction, on the other hand, measures the velocity of seismic waves
as they travel through different subsurface layers. This method is highly effective
in delineating layer boundaries, determining depth to bedrock, and assessing the
mechanical properties of subsurface materials [3, 4]. The integration of these meth-
ods has proven successful in a variety of contexts, enhancing the accuracy of sub-
surface models and reducing the risk of misinterpretation [2, 5]. Recent studies have
highlighted the growing importance of multi-dimensional geophysical techniques in
environmental studies, particularly in agrogeophysics, where ERT has been increas-
ingly used to monitor soil moisture dynamics and subsurface properties [6].

1.2 Application at the University of Benin

The University of Benin, located in a geologically diverse region, serves as an ideal
study area for applying these integrated geophysical methods. The location map of
the study area, as shown in Figure 1, highlights the specific sites where the vertical
electrical sounding (VES) and seismic spreads were conducted across the University
of Benin campus. This study builds on previous research that underscores the impor-
tance of integrating multiple geophysical techniques to achieve more reliable and
accurate subsurface characterizations [7, 8]. By applying ERT and seismic refraction
in tandem, this research aims to provide a detailed understanding of the subsurface
conditions, identifying critical features such as aquifer zones, fault lines, and varying
soil compositions.

1.3 Relevance and implications

The findings from this study have broad implications, not only for the University
of Benin but also for other regions with similar geological conditions. Effective
subsurface characterization is crucial for sustainable groundwater management,
environmental protection, and infrastructure development [9, 10]. By integrating
geophysical methods, this research contributes to the development of best practices

128



Integrated Geophysical Techniques for Subsurface Characterization and Groundwater...

DOI: http://dx.doi.org/10.5772/intechopen.1006853

FWANE FITeE FITHE F3B0E =
1 L L 1

6°2430"°N

6°240°N
1
T
a

T T
FWAE N FITOE

§°37'30"E

Location Map of Study Area

5°37'35"E

L8
L ¢ Open Street Map of University of Benin

'lr”' “-’l \_/_
0,’-

z v, z
i [ro)
= Sn
3 3

Legend © &

"
® VESPoint ‘\‘0‘ CSTB-200m
")
—— CST Spread ‘.\\o‘
Seismic Spread
g SRB-200
mIIm Foolpath
Health Center

z z

[ Ol COE = )

|:| Road =0 50 100 200 MasedsERE, Gamin, (c) Opé contributors, and | ¢
o} } the GIS user community N
w T T w

5°37'30"E 5°37'35"E
Figure 1.

Location map of the study area.

in subsurface exploration, promoting the use of these techniques in diverse settings to
enhance the accuracy and reliability of subsurface investigations.

In conclusion, this chapter provides a comprehensive overview of the application
of integrated geophysical methods for subsurface characterization at the University
of Benin. The insights gained from this study are intended to guide similar applica-
tions in other regions, contributing to the broader field of geophysical research and its
applications in resource management and environmental stewardship.

2. Methodology and data analysis

This section outlines the comprehensive methodology employed in this study,
focusing on the integration of electrical resistivity tomography (ERT) and seismic
refraction techniques to investigate the subsurface characteristics at the University
of Benin, Nigeria. The section details the data acquisition processes, the equipment
used, and the subsequent data processing and interpretation techniques applied.

The integration of these geophysical methods provides a robust framework for
understanding the subsurface conditions, which is crucial for environmental and
geotechnical applications. The integration of ERT and seismic refraction has proven
to be highly effective in subsurface investigations, as demonstrated in recent stud-

ies focusing on sinkhole detection in karst areas [11]. The application of integrated
near-surface geophysical techniques, including ERT and seismic refraction, has been
shown to improve subsurface characterization in complex terrains, further validating
the methodologies employed in this study [12].

129



Groundwater Frontiers — Techniques and Challenges

2.1 Electrical resistivity tomography (ERT)

ERT is a geophysical method used to map subsurface resistivity by injecting
electrical current into the ground and measuring the resulting potential differences.
The resistivity of the subsurface is influenced by various factors, including the type
of soil or rock, moisture content, and the presence of voids or fractures. This method
is particularly useful for identifying variations in subsurface lithology, detecting
groundwater, and mapping contaminant plumes [1, 2].

2.1.1 Study area

The University of Benin is situated in a geologically diverse region, making it an
ideal location for subsurface investigations. Figure 1 illustrates the study area, high-
lighting the specific locations where the vertical electrical sounding (VES) points and
seismic spreads were conducted. The map shows the distribution of the survey points,
with details on the seismic and CST spreads.

2.1.2 Geological context

Understanding the geological context is vital for interpreting the results of geo-
physical surveys. Figure 2 presents the geological map of Nigeria, as produced by the

Alluvium
Coastal plains sands
Bende Amelki group

Ima shale group
Upper Senenian
8 complex{Undifferentiated)

Settlements
Road

[] 50 Kilometers

River

Figure 2.
Geological Survey Agency of Nigeria, Nigeria Geological Map Sheet. 1957;298. Adapted from Ref. [13].
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Geological Survey Agency of Nigeria in 1957 and later adapted by Olatunji et al. [13].
This map provides an overview of the regional geology, which underpins the subsur-
face characteristics examined in this study. The map highlights key geological forma-
tions and structures that are relevant to the study area, particularly the lithological
units that were likely encountered during the surveys.

2.1.3 Data acquisition

For this study, data were collected using an ABEM Terrameter LS 2. The survey
was conducted using a Wenner array configuration, known for its sensitivity to both
lateral and vertical variations in subsurface resistivity. The field configuration for the
Wenner array is illustrated in Figure 3, providing a clear layout of the electrode place-
ments used in the study. Two profiles were surveyed, each 200 meters in length, with
electrodes spaced at 5-meter intervals. The ERT data were captured along multiple
profiles to ensure comprehensive coverage of the study area [2, 14, 15].

Additionally, the Schlumberger array configuration was also employed, as shown
in Figure 4. This configuration differs from the Wenner array by having varying
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electrode spacing, which provides different depth penetration and is particularly
useful for deeper subsurface investigations.

3. Results and discussion
3.1 Electrical resistivity tomography (2D survey)

The results from the electrical resistivity tomography (ERT) data collected along
two transects are presented in Figures 5 and 6. These figures display contoured
apparent resistivity pseudo-sections that provide insights into the subsurface resistiv-
ity distribution within the study area. The 2D resistivity structure sections, derived
from the inversion of these pseudo-sections, show computed resistivity values with
depth, following the methodology outlined by Alile et al. [15].

The 2D resistivity images reveal the subsurface resistivity characteristics at vari-
ous depths. Generally, the depth of investigation is proportional to the separation
between electrodes [16]. The resistivity profiles suggest the presence of four distinct
geoelectrical zones, which are inferred to represent topsoil, sand, dry sand, and
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Figure 5.
Subsurface image for profile 1.
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Figure 6.
Subsurface image for profile 2.

saturated sand. These inferences are based on resistivity ranges previously reported
by Egbo and Airen [7].

3.1.1 Data acquisition

For this study, data were collected using an ABEM Terrameter LS 2. The survey
was conducted using a Wenner array configuration, known for its sensitivity to both
lateral and vertical variations in subsurface resistivity. The field configuration for the
Wenner array is illustrated in Figure 3, providing a clear layout of the electrode place-
ments used in the study. Two profiles were surveyed, each 200 meters in length, with
electrodes spaced at 5-meter intervals. The ERT data were captured along multiple
profiles to ensure comprehensive coverage of the study area [2, 14]. Additionally, the
Schlumberger array configuration was also employed, as shown in Figure 4. This con-
figuration differs from the Wenner array by having varying electrode spacing, which
provides different depth penetration and is particularly useful for deeper subsurface
investigations.

3.1.2 Data processing

The acquired ERT data were processed using the RES2DINV software, which
employs an inversion algorithm to convert the apparent resistivity data into a true
resistivity model. This process involved several steps, including data filtering, inver-
sion, and model refinement. The resulting resistivity sections were then interpreted
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to identify key subsurface features such as aquifer zones, fault lines, and variations

in soil composition. Figure 5 shows a representative subsurface image from Profile 1,
where distinct resistivity contrasts were observed, indicating the presence of multiple
geoelectrical layers [14].

Profile 1 (Figure 5) reveals a highly productive zone for groundwater extraction,
particularly in the lower eastern part of the profile where a saturated sand section is
evident. This suspected high-potential zone was further investigated using vertical
electrical sounding (VES 3), which will be discussed in detail in the following sec-
tions. To enhance the comprehensive understanding, two other suspected productive
zones were also probed using VES 1 and VES 2.

Conversely, Profile 2 (Figure 6) appears to be less productive for groundwater, as
it lacks a clear saturated sand lithology. However, this does not necessarily indicate
a non-water-bearing area. The zones with suspected groundwater potential were
further investigated using VES 4, VES 5, and VES 6, and these findings will also be
detailed in the subsequent sections.

The average apparent resistivity across the study area is approximately 1500 Qm,
which is typical for sedimentary environments and aligns with the general geology of
the region. Wet soils and newly formed groundwater generally exhibit lower resistiv-
ity values compared to drier soils and sediments [9].

Ogungbe et al. [9] highlight that road failures and engineering challenges are often
linked to poor subgrade materials and water-logged sands, leading to major cracks
and structural failures. The presence of clay soils exacerbates these issues due to their
ability to absorb water, swell, and fail under stress, such as heavy vehicle movement or
construction activities. Fortunately, the study area appears to be suitable for road and
building construction, as the subsurface images do not indicate significant clay layers.

3.2 Vertical electrical sounding (VES)

Six VES surveys were conducted in zones with anomalous resistivity identified in
the ERT imaging. The VES data were quantitatively interpreted using partial curve
matching and computer-assisted iterative techniques with the WINRESIST software.
The computer modeling used the initial layer resistivities and thicknesses as input for
the geological interpretation, which was further informed by the previously gener-
ated ERT subsurface sections.

The geoelectric parameters obtained from the VES surveys are summarized in
Table 1, which shows the resistivity, thickness, depth, curve type, and inferred
lithology for each VES point. The table reveals distinct lithological layers consistent
with previous studies in the region. Alile et al. [15] identified similar resistivity values
and lithologies in their study of the Benin formation, reinforcing the accuracy of
the interpretations provided here. For instance, the saturated sand layers crucial for
groundwater potential exhibit resistivity ranges aligned with those reported [15].

The VES surveys identified significant lithological features across the study area,
with varying groundwater potential ratings. These results highlight the heterogeneity
of the subsurface, confirming the necessity for detailed geophysical investigations in
complex geological settings.

3.3 Seismic refraction survey

The seismic refraction survey results are presented in Figures 7-12, which show
the S-wave and P-wave velocity models for Profiles 1 and 2. These figures reveal
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variations in subsurface velocities, which are crucial for understanding the geotech-
nical properties of the study area. The calculated elastic moduli and geotechnical
parameters, based on the seismic data, are summarized in Table 2. These parameters

VESNO Layers Resistivity Thickness(m) Depth(m) Curve Inferred Groundwater
type lithology [7] potential
rating
VES1 1 3715 0.8 0.8 KHK Top soil Medium
2 2603.9 3.6 44 Drysand
3 2416.1 7.0 114 Dry sand
4 3375.6 475 58.9 Drysand
5 869.8 Saturated
sand
VES2 1 367 1 1 AKH Top soil Medium
2 2090.9 4 5 Dry sand
3 3132.8 5.9 10.9 Dry sand
4 1083.2 14.5 255 Saturated
sand
5 6064.5 Coarse sand
VES 3 1 246.1 11 11 Top soil High
2 312.2 23 34 AKH Sand
3 742.3 8 114 Saturated
sand
4 5671 45.3 56.8 Saturated
sand
5 2296.2 Drysand
VES 4 1 840 1 1 KHA Top soil Low
2 1432.5 21 31 Dry sand
3 1289.5 3.8 6.9 Dry sand
4 1856.8 156 22.5 Dry sand
5 4686.4 Dry sand
VES 5 1 262.7 0.9 0.9 KHA Top soil Medium
2 1400.7 2.2 31 Dry sand
3 839.7 8.2 11.3 Saturated
sand
4 22221 13.7 25 Dry sand
5 15751.7 Coarse sand
VES 6 1 564 0.8 0.8 KH Top soil Low
2 1715.3 77 85 Drysand
3 1193 15.6 24 Dry sand
4 10,124 Coarse sand
Table 1.

Geoelectric parameters and their inferred lithology.
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are critical for assessing the suitability of the site for construction and other engineer-
ing purposes [3, 5].

Table 2 provides a detailed breakdown of wave velocities (Vp and Vs), Poisson’s
ratio, density, Young’s modulus, Lame’ constant, shear modulus, and other relevant
geotechnical indices. By comparing these results with established engineering stan-
dards, civil engineers can make informed decisions regarding the design and safety of
structures to be built on this site.

3.3.1 Data processing

The seismic data were processed using SeisImager software. The processing
involved picking first-arrival times, applying static corrections, and generating
velocity-depth models. The models produced from the seismic data were used to inter-
pret the subsurface geology and to correlate with the ERT data. Figures 10 and 11 show
the S-wave and P-wave velocity models for Profile 1, respectively, which were critical in
determining the geotechnical properties of the subsurface [4].

3.4 Integration and interpretation of geophysical data

The integration of electrical resistivity tomography (ERT) and seismic refrac-
tion data provides a comprehensive understanding of the subsurface conditions. By
correlating the resistivity and seismic velocity models, a more accurate interpretation
of the subsurface geology was achieved. This combined interpretation allows for the
identification of key features such as potential aquifer zones, fault lines, and areas of
varying soil stability [1, 10].

Low-resistivity zones identified in the ERT profiles correlate with low-velocity
zones in the seismic data, suggesting the presence of water-saturated layers or poten-
tial aquifers. These zones are crucial for groundwater exploration and management.
For instance, the high groundwater potential indicated in Table 1 aligns with areas
where these low-resistivity and low-velocity zones overlap, confirming the presence
of viable aquifers [8, 16].

The seismic velocity models revealed significant differences in the subsurface mate-
rial properties across the study area. For instance, Table 2 shows that Profile 2 had higher
P-wave and S-wave velocities, indicating more competent and stable subsurface materi-
als suitable for construction. These findings suggest that certain areas are more favorable
for building infrastructure due to the stability of the subsurface materials [3, 9].

The integration of ERT and seismic refraction data has demonstrated the effec-
tiveness of using multiple geophysical methods to achieve a detailed and reliable
subsurface characterization. This approach not only enhances the understanding
of the subsurface geology but also provides critical insights for environmental and
geotechnical applications. For instance, the correlated data from Tables 1 and 2
offer a robust framework for identifying areas with both high groundwater poten-
tial and suitable geotechnical properties for construction [2, 5, 15]. Additionally,
this methodology is supported by similar studies that have shown the value
of integrating geophysical techniques to improve subsurface characterization
accuracy [4, 17].

By applying these integrated methods, the study contributes to a deeper under-
standing of the subsurface, which is essential for informed decision-making in envi-
ronmental and geotechnical projects, such as groundwater management, construction
planning, and hazard assessment [1, 18, 19]. The successful application of time-lapse
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ERT in monitoring permafrost dynamics in the Arctic illustrates the method’s ver-
satility and its potential application in various environmental conditions [20]. ERT
has been effectively used to monitor soil and subsoil conditions, providing critical
insights into environmental responses, such as tree responses to drought, which is
pertinent to understanding subsurface conditions in the study area [21].

4, Conclusions

This chapter has presented a comprehensive study on the integration of electri-
cal resistivity tomography (ERT) and seismic refraction techniques for subsurface
characterization at the University of Benin, Nigeria. The research demonstrated the
effectiveness of these geophysical methods in providing detailed insights into the
subsurface geology, which is crucial for applications such as groundwater exploration,
environmental assessments, and geotechnical evaluations.

4.1 Key findings

1. Subsurface characterization: The ERT and seismic refraction surveys successfully
delineated subsurface features, identifying key layers such as topsoil, dry sand,
and saturated sand. The correlation between resistivity and seismic velocity
models allowed for a more accurate interpretation of subsurface conditions,
reinforcing the importance of integrating multiple geophysical techniques for
comprehensive subsurface analysis [1, 2, 5].

2. Aquifer identification: Low-resistivity and low-velocity zones identified potential
aquifer layers, which are critical for sustainable groundwater management. These
findings can guide future groundwater exploration and exploitation in the study
area, contributing to more effective and sustainable water resource management
practices [8, 17].

3. Geotechnical properties: The seismic data provided valuable information on the
geotechnical properties of the subsurface materials, highlighting areas of higher
stability suitable for construction and infrastructure development. This is par-
ticularly significant in regions with variable geological conditions, where under-
standing subsurface stability is essential for safe construction practices [3, 9].

4.2 Implications and recommendations

The successful integration of ERT and seismic refraction methods in this study
underscores the importance of using multiple geophysical techniques for compre-
hensive subsurface investigations. Recent advancements in geophysical surveys, such
as the hydrochemical and isotopic studies of coastal aquifers in Douala [22] and the
integration of remote sensing with geophysical methods for groundwater potential
mapping [23], highlight the growing need for multidisciplinary approaches in subsur-
face characterization.

Additionally, the application of these techniques in varied contexts, including
the monitoring of seawater intrusion in coastal plains [10, 24], demonstrates their
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versatility and effectiveness in addressing complex environmental challenges. Future
studies could benefit from incorporating these recent developments to further
enhance the resolution and accuracy of subsurface models [18, 19, 25].

4.3 Final thoughts

In conclusion, this chapter contributes to the broader field of geophysical
research by providing a detailed case study that illustrates the value of combining
ERT and seismic refraction techniques. The insights gained from this study not only
enhance our understanding of the subsurface geology in the University of Benin
area but also provide practical guidelines for environmental management, ground-
water exploration, and infrastructure planning in similar settings. These findings
align with recent studies that emphasize the importance of integrating multiple
geophysical methods to achieve a comprehensive understanding of subsurface
conditions [1, 16, 22, 23].
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Elastic modulus Used equation References
Poisson’s ratio Adams and Williamson [26], Salem [27]
o=—|1- 12
vS
Young’s modulus Adams and Williamson [26]

Lame’ constants _ oE King [28], Toksoz et al. [29]
((1 +o)(1 726))

Density A= [O. 3V;'25] Gardner et al. [30]

Shear modulus . E King [28], Toksoz etal. [29]

1

(2(1+0))

Table A1.
Equations of elastic moduli used. V, and V, are P-and S-waves velocities, respectively.

Engineering parameter Used equation References
Concentration index [ 3 4[ v? H Abd El-Rahman [31]
B
()
vD
Material index v (u-4) _ (1 _ 40_) Abd El-Rahman [32]
(u+2)
Stress ratio 4 -1
S, =|1-2 V‘z =(C,-2) Abd El-Rahman [31]
D
Table A2.

Engineering parameter equations used.

Soil description Incompetent to Fairly to Competent Very high
parameter slightly competent moderately materials competent
competent materials
Poisson’s ratio (o ) 041-0.49 0.35-0.27 0.25-0.16 0.12-0.03
Material index (v ) (=0.5)-(-1) (=0.5)-(0.0) 0.0-0.5 >0.5
Table A3.

Soil description with respect to Poisson’s ratio and material index, after Birch [33], Gassman [34], Tatham [35],
and Sheriff and Geldart [36].
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Figure A1.

Resistivity curve using Schlumberger configuration for vertical electrical sounding (VES) at site 1, showing
apparent vesistivity variations with depth.
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Figure A2.

Resistivity curve using Schlumberger configuration for vertical electvical sounding (VES) at site 2, showing
apparent vesistivity variations with depth.
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Figure A3.

Resistivity curve using Schlumberger configuration for vertical electrical sounding (VES) at site 3, showing
apparent vesistivity variations with depth.
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Figure A4.

Resistivity curve using Schlumberger configuration for vertical electrical sounding (VES) at site 4 (old COE
center), showing apparent vesistivity variations with depth.

“Rms-emor: 24 | OROUP B VES 2 OLD COE CENTER Mo Res Tnicc Depth

1 2627 00 08
E 2 14007 22 31
£ 3 8397 82 113
= 422221 137 250
£ : S187817 - -
E 10~a o 2 *RME on amoothad data
F ' 3
= — T
o
; ST
1003 | 17-" et 1
-
1042
040 1041 1042 10%3

Gurrent Electroge Distance (AB/2) im]

Figure As.

Resistivity curve using Schlumberger configuration for vertical electrical sounding (VES) at site 5 (old COE
center), showing appavent vesistivity variations with depth.
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Figure A6.

Resistivity curve using Schlumberger configuration for vertical electvical sounding (VES) at site 6 (old COE
center), showing apparent vesistivity variations with depth.
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Chapter 6

Overview of Groundwater
Occurrence, Quality,
and Challenges in Nigeria

Adamu Idris Tanko, Auwalu Yola Lawan
and Rahama Darma Tijjani

Abstract

In Nigeria, the hydrostratigraphy of the country governs groundwater resources,
which follow the occurrence and patterns of the aquifers, aquitards, or aquicludes.
The country has two major hydrogeological units: the basement rocks and sedimen-
tary basins. These units possess distinct characteristics in terms of groundwater
potential. The basement complex consists of crystalline rocks that lie beneath the sed-
imentary layers, characterized by weathered, jointed, sheared, or faulted formations.
The sedimentary terrains are majorly subaquatic or subaerial areas. Groundwater
resources have been identified and discussed on majorly these two geological types
and especially as they occur in each of the eight hydrological units demarcated in the
country. The chapter also discusses various cases of groundwater quality across the
country and concludes by highlighting the challenges associated with groundwater
exploitation and management.

Keywords: groundwater, aquifer, recharge, basement complex, sedimentary
formation, water quality

1. Introduction

In many parts of the world, groundwater resource is dictated by the hydrostratig-
raphy of the area. This explains the occurrence and patterns of aquifers, aquitards, or
aquicludes. The basement complex rocks and the sedimentary formations are the two
major hydrogeological units in Nigeria [1]. The basement complex is mainly made up
of dioritic rocks, quartzites, granitic and migmatitic gneisses, and metasedimentary
schists that have undergone mild metamorphism [2]. Overlying these rocks are sedi-
mentary layers, which are cross-bedded, arkosic, gravelly, and poorly sorted, dating
back to the Cretaceous and Tertiary periods. These sedimentary rocks are found
in the southern, northeastern, and northwestern regions. The sedimentary layers
are generally divided into three parts: a lower sequence of non-marine sandstones,
siltstones, and mudstones; a middle section consisting of marine shales and lime-
stones mixed with sandstones and siltstones; and an upper sequence of sandstones
that were deposited in either continental or coastal environments [3]. These two
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geological types possess distinct characteristics in terms of groundwater potential
and availability in every part of the country.

Groundwater is generally mostly explored more within the sedimentary formation
where its quest is less difficult to achieve than the basement complex areas [4]. For
instance towards the southern part of the country, especially in the Niger Delta and
Anambra Basins that are underlain by sedimentary formations, the prospects of good
aquifers increase in which groundwater yield becomes extensive to the extent that free
flow conditions occur in confined areas [5]. This condition is different in “the high-
plains of the Hausaland” in northern Nigeria [6].

The primary objective of the chapter is to provide empirical explanation that shall
guide towards understanding the geography of groundwater occurrence for sustain-
able management in majorly the two geological types and in each of the eight identifi-
able river basins in the country. Also, the quality of the groundwater is explained. The
challenges faced in groundwater management in the country are highlighted.

2. Material and methods

Material for the chapter is drawn from library search of empirical data about the
groundwater situation in each of the basins that are underlain by both the basement
complex rocks and sedimentary formations. The data must have been differently
presented previously in disaggregated forms and authored by several researchers in
the subject areas covering wide periods. Nigeria is demarcated into eight hydrologi-
cal units. The characteristic occurrences in each of the units have been described
and analysed. Similarly, data on the quality of groundwater in the country were also
obtained through literature search and are presented under the different basins.
Discussions are basically descriptive in nature. Finally, challenges of groundwater
exploitation and management are highlighted based on experiences of the authors.

3. Nigeria’s drainage pattern

Nigeria has two major rivers, the Niger and the Benue. River Niger, which has its
origin from Guinea Highlands, is estimated to cover about 88,000 ha of floodplain
while the River Benue flows from Cameroon Mountains and is estimated to cover
312,000 ha floodplain. The rivers are characterized by rapid and steeply slopes and
overflow banks [7]. The two rivers meet at a confluence around Lokoja, at the centre
of the country (Figure 1). From there, the rivers flow southwards to empty into the
Atlantic Ocean through a network of creeks and distributaries, which form the Niger
Delta. There are, however, several major tributaries within the larger Niger-Benue
trough. These include the Sokoto-Rima in the northwest, the Kaduna in the central
area, and the Gongola in the northeast. Others include the Anambra, Cross, Imo, and
Kwa-Iboe, in the southeast/south-south and in the southwest are Ogun, Osun, Benin.
In addition to these, Nigeria has a major inland water basin that drains into the Lake
Chad at the extreme part of the northeast.

The geology of Nigeria is dominated mostly by the basin sedimentation (along the
Niger Benue trough) that are mostly the older sedimentary rocks of the secondary
age, while some aspect of the northern blocks which is the very old and highly altered
basement complex rocks of the Precambrian [6]. Other minor formations are the
volcanic rocks around the Jos Plateau and the river alluvium found along the major
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Figure 1.
Drainage basins and major towns in Nigeria.

rivers. These underlay the different river basins in the country which have been classi-
fied based on the following three hydro-meteorological regions [5]:

a.The Sahel Region: found in areas above latitude 11 degrees latitude and 3 to 8
degrees longitude. The area is characterized by low annual rainfall, ranging
between 500 and 750 mm. It also experiences significant temperature extremes,
with average temperatures reaching 44°C between April and May and dropping
below 20°C in December and January. The region encompasses the Hadejia-
Jama’are and Sokoto-Rima basins.

b.The Savanna Region: this zone experiences an average annual rainfall of 1000
to 1250 mm, with about 60 to 80 rainy days each year in the northern region.
It encompasses five major river basins: the Kaduna River Basin, the Upper and
Lower Benue River Basins, and the Upper and Lower Niger River Basins.

c. The Tropical Rainforest Region: this zone includes the Anambra, Cross-River,
Kwa-Iboe, Niger Delta, and Southwestern Coastal basins. The main hydro-mete-
orological characteristics of these regions are the significant rainfall levels, which
range from 1250 to 4000 mm, depending on the location, from the Anambra
basin to the coastal basins.

4. Hydrogeology and groundwater occurrence in Nigeria

In Nigeria, aquifers are classified into two main types: basement fluvio-volcanic
aquifers and sedimentary aquifers. According to Adewumi and Anifowose [8],
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groundwater availability in areas with basement rocks depends on either a thick soil
overburden (known as overburden aquifers) or water-retaining fractures (referred
to as fractured crystalline aquifers). Groundwater is stored in fractures and fissures
within the weathered zones of igneous, metamorphic, and volcanic rocks, with
thicknesses ranging from <10 - 60 m in both desert and humid rainforest regions [9].
In alluvial deposits, where Eolian and fluvial sediments are present, groundwater
mainly fills pore spaces, unlike in sedimentary deposits where it may be found in
different types of spaces. These alluvial deposits are considered primary aquifers
because the water is stored in their original pore spaces. The variety of sedimentary
layers in Nigeria’s basins—differing in age, mineral content, and chemical composi-
tion—affects the amount and quality of groundwater [9]. The extensive sedimentary
basins, which cover about 40% of the country, hold a large portion of the groundwa-
ter reserves. These basins contribute to around 67% of the estimated 51.93 x 109 m® of
potential annual groundwater resources [10].

4.1 Descriptions of the aquifer distribution in Nigeria

Here an attempt is made to describe the aquifer distribution in the eight river
basins across Nigeria (Figure 2) relating each of them to the geological formation
that underlay them. It is important to note that even as one may want to make a
generalized scheme to suggest that the basins should be categorized under each
geological type and the geographical sizes of each of the basins cannot allow such.
However, discussions may heavily lay emphasis to the particular geology that
predominates.
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Figure 2.
River basins and their hydrological areas.
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4.1.1 Sokoto-Rima basin

The Sokoto-Rima basin is mainly drained by the River Sokoto, with the Zamfara
and Rima Rivers as its main tributaries. Groundwater comes from the fractured meta-
sediments of the basement complex, which have shallow boreholes (30-40 m deep)
and modest yields (0.5-0.8 lit/sec) [11]. At greater depths, where conditions might
support artesian flow, the gravel, conglomerate, and grit layers of the Ilo/Gundumi
Formation act as aquifers, though these are often limited by clay layers. Generally,
the shallower aquifers are unconfined. In the Gusau-Sokoto Road area, yields of up
to 8 lit/sec have been reported, with transmissivity reaching 978 m?/day [12]. Typical
yields usually range from 2 to 8 lit/sec, and transmissivity can vary from less than 10
to around 1000 mZ/day [13].

At Bakura Farm, boreholes average 85 m in depth and yield around 3 lit/sec [11].
Hydrogeologically, the Rima group, which includes the Taloka Formations with poor
aquifer qualities and the Dukamaje, which acts as an aquiclude, is not particularly
remarkable. The Wurno Formation in the Basin, on the other hand, is a moderate-
output aquifer with a thickness of 5-30 m and a recharge area of 330 km” [14]. The
Sokoto Group consists of the Dange (an aquitard), the Kalambaina (a perched aquifer
that provides seasonal water), and the Gwandu Formation, which is the most promi-
nent aquifer in the Sokoto Basin. The Gwandu Formation features two main aquifers:
a lower sandy aquifer with limited capacity and an upper sandy aquifer. In the water
table aquifer, average water levels are around 21 meters deep, though they can reach
up to 100 meters in the uplands near the border with the Niger Republic. The thick-
ness of this aquifer ranges from 13 to 60 m and is further confined to the west by 20 m
of lignite and clay, which creates artesian conditions [15]. In the unconfined areas of
the Sokoto Basin, the water table typically ranges from 15 to 75 m deep [16]. Towards
the eastern edge of the Basin, especially around Argungu, artesian conditions are
found in limited aquifers at depths of 75 - 100 m. However, piezometric levels
decrease to about 50 m below the surface as you move further west [14, 17].

4.1.2 The Niger central

This comprises both the Upper and Lower Niger Basins. In the upper portion,
the Basin is charged with water from mainly the Sokoto-Rima and also Kaduna River
systems. Most of the tributaries of these rivers flow over long distances from their
source areas, usually located in the more humid areas of the Jos-Katsina-Zaria north
central massif, typified by the Jos Plateau. The Kaduna River is a major tributary of
the Upper Niger, originating in the Kajuma Hills in Nigeria’s Jos Plateau. It travels
about 200 km to Kaduna town and then continues for another 100 km into the areas
where the Shiroro Dam is, eventually flowing into the Niger River near the northern
shores of Pategi [18]. The river flows through Kaduna town on both the north and
south sides [19]. Over 80% of the upper section of the basin is covered by basement
complex rock, which has shallow depths and yields between 0.2 and 1 lit/sec [5].

In this northwestern sector of the basin, only the Illo Formation is exposed,
though detailed mapping of the area has not been carried out [13]. Oteze [20] asserts
that the aquifers only appear as lenses within primarily clayey strata. Water yields are
hence often low, despite the presence of restricted conditions in some strata. The fine
texture of the sands and the quick alternation of sands with clay mudstones and silt in
the eastern sedimentary region of the basin contribute to lessen the Nupe Sandstone’s
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groundwater potential. However, according to Preeze and Barber [21], there is a lot
of groundwater present in the Nupe sandstone regions, with a water table that varies
from O to 100 meters. The eastern sedimentary basin extends into the Lower Niger
basin and possibly merges with the Lower Benue Basin around Rivers Benue — Niger
confluence areas [13].

The lower portion of the basin is basically alluvial deposits associated with the
course of the River Niger. The alluvial deposits are variable in texture, composition,
and thickness, ranging from coarse sands, gravels to fine silts, and clays. Invariably,
they overlie the Nupe Sandstone or its equivalent, and in places they cover the base-
ment directly. Groundwater in the alluvial deposits is mainly recharged by rainfall
and floodwaters from nearby rivers [13]. These alluvial layers help sustain substantial
groundwater flow underground. In the Koton Karfe area, alluvial deposits have been
used for boreholes, although detailed records are lacking [13]. In the southeastern
regions, including Kontagora, Mokwa, and Bida, the Nupe Sandstone is the predomi-
nant layer [22]. This sandstone formation includes thin layers of carbonaceous shale
and clay mixed with sandstones and siltstones, which are somewhat cemented. The
Nupe Sandstone typically yields between 1.8 and 4 lit/sec [21].

4.1.3 Gongola basin

Located in the higher regions of the Benue Valley, this area is locally referred to
as the Upper Benue Basin. The River Benue is fed by numerous streams and rivers
from both the north and south, forming its main drainage system. Key river systems
include the Faro and Taraba from the south and the Gongola, Kilunga, and Pai from
the north [13]. The upper part of the basin features patches of basement complex
rocks, including volcanic plugs and basaltic flows, as well as some Cretaceous sedi-
mentary rocks. The geological base of the area is comprised of a thick layer of Asu
River group shales, continental sandstones from the Bima sandstone, and additional
shales, clays, and limestones [13]. The Zambuk Ridge separates the Upper Benue
from the Chad Basin. The basement complex rock in this area is crystalline and has
limited water-yielding capacity. However, weathered basalts in the Sugu Plateau,
Longuda, and Biu regions are of some hydrogeological interest. More significant is the
Bima sandstone found in the Yola, Jimeta, and Dabore areas, which is feldspathic and
contains grit, pebbles, and clay beds. Its hydrological performance is constrained by
its highly cemented nature and rock-like characteristics. Reports indicate that it yields
around 2-8 lit/sec [13]. The Yolde Formation overlies the Bima sandstone and consists
of about 152 m of thinly bedded sandstones, followed by alternating mudstones and
shelly limestone. The Yolde Formation underlies the two sedimentary sub-basins
of the Upper Benue. It is a more promising water bearing formation than the Bima
sandstones as the sandstones and limestone are more permeable. Yields of up to 4 lit/
sec have been obtained at Gombe and Numan [13]. The water normally occurs under
water table conditions.

4.1.4 Lower Benue river basin

This basin covers the lower part of the Benue Valley, stretching from the River
Wase in the Jos Plateau to where the Benue and Niger rivers meet. It is drained by
several river systems, including the northeast-flowing River Wase, Shemankar,

Dep, and Mada, as well as the Donga, Bantaji, and Katsina Ala, which flow in the
opposite direction. The River Benue serves as the main outlet for these river systems.
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The Lower Benue and Upper Benue regions have similar geological formations due to
their comparable lithology [13]. These formations include the basal sandstones of the
Lafia, the sandstones of the Makurdi and Ezeakku Formations, the Awgu Formation,
and the interbedded sandstones of the Awe Formation. Several boreholes have been
drilled into the Makurdi Formation with varying degrees of success, yielding between
2.5 and 8.7 lit/sec [13]. In Assakio, north of Lafia, a 150 m deep borehole drilled into
the Awgu Formation achieved artesian flow. The junction where the Lafia Formation
meets the underlying Awgu Formation produces multiple springs due to the highly
permeable sandstone in this area, which ranges from 10 to 15 m in thickness [13].

4.1.5 The Niger south basin

This comprises the two basins that are locally known as the Anambra and the
Niger Delta. The Anambra Basin is one of Nigeria’s most important hydrogeological
basins, taking after the Sokoto and Chad Basins. It is drained mainly by the Anambra
River and its main tributaries are the Mamu and Adada. The most important aquifer-
ous formation in the Anambra Basin is the Ajali Formation. This formation is under-
lain by 585 m of the Mamu Formation and Nkporo Shale [13]. The Ajali Formation,
known for its substantial water-bearing properties, has indeed been a source of
prolific artesian flows in areas like Umumbo, Mbaguowa, and Aguobuowa, located
on the outskirts of the basin. According to Offodile [13], in the Awka region, the
aquifer associated with the Ajali Formation could potentially be encountered at much
greater depths, ranging from about 360-800 m. This variation in depth highlights the
geological complexity and the potential for significant groundwater resources within
this formation. Apart from the Ajali Formation, shallow aquifers identified in Awka
area of the Mamu Basin include the Ugwuoba sandstone also described as Ebenebe
sandstone and the Amenyi sands known to outcrop at the eastern outskirts of Awka
town. All these aquiferous sand bodies are members of the Imo Shale [13]. In the
Ameki Formation, the sandstones are generally very permeable. In Onitsha area, the
water table is high about 20-30 m [13]. The same source submits that in Nanka sands
around Nanka, Idemili, and Oko, the water table is generally very low ranging from
30 to 300 m in depth.

The Niger Delta, on the other hand, is primarily a sedimentary basin where
groundwater recharge is mostly through infiltration and from precipitation and
rivers/lagoons at the surface. The Benin Formation and the Deltaic Formation are
the primary aquifers in the Niger Delta, playing a crucial role in water supply for the
region. Most boreholes in the northern parts of the Basin tap into these extensive
and largely unrestricted aquifers, which provide reliable sources of groundwater.

In certain locations, unconfined aquifers with artesian groundwater flow have also
been identified, indicating that the water is under pressure and can rise above the
level of the aquifer without pumping. Geological logging from existing boreholes
has revealed that these formations contain deep sandy units at specific depths in
some areas, which are crucial for understanding the distribution and accessibility of
groundwater resources. These sandy units likely contribute to the high permeability
and water-bearing capacity of the aquifers, making them significant sources for water
extraction in the Niger Delta [23]. The Deltaic Formation is classified as an uncon-
fined aquifer, which is the first and topmost groundwater unit recharged directly

by infiltration from precipitation and base flow. The water table in the Basin is only
0 to 9 m below the surface of the ground [24]. Although part of the rainfall is lost
through runoff and evapotranspiration, this area’s significant rainfall, which ranges
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from about 2400 mm inland to 4800 mm along the coast, results in little variation in
the water table [24]. The Deltaic Plains have specific capacities ranging from 160 to
320 m per d/m, according to Offodile [13]. The sediment composition of the Benin
Formation makes it more permeable than the Deltaic Plains, with a specific capacity
ranging from 150 to 1400 m per d/m. This region often has a water table that is 3-15m
below the surface. The water level can drop by 2.1-3.6 m due to seasonal variations
[24]. Confined aquifers are found in both the Deltaic and Benin Formations, and
they usually yield somewhat high artesian flows. In certain areas, these aquifers

are covered by a 36 m thick clay layer, with the aquifers lying approximately 100 m
beneath them. Hydrogeological studies indicate a link between the confined aquifers
near the coast and the unconfined aquifers of the Benin Formation farther north. As
you approach inland, the aquifers thicken, while the clay layers that surround them
thin. The specific capacity of these formations ranges between 90 and 320 m per d/m
[24]. Restricted aquifers are found in the southeastern part of the Basin, where the
Benin Formation is located. These aquifers are confined by several clay layers and are
mainly made up of very coarse- to medium-grained sands. The specific capacity of
these aquifers ranges from 140 to 180 m per d/m [24].

4.1.6 Ogun river basin

The Ogun Basin is a major coastal basin in southwestern Nigeria, drained by the
Ogun River, which originates in the Iran Hills at about 530 m above sea level and flows
south for 480 km into the Lagos Lagoon [25-27]. The main tributaries are the Ofiki
and Opeki Rivers. Although the Ogun Basin is important, comprehensive hydro-
geological data is scarce, with limited information on individual boreholes. Most
boreholes in the Basin reach into the Pre-Cambrian Basement Complex. In the Ogun
Basin, the yields from boreholes are not extensively recorded. Near the base, however,
an artesian flow of 90-135 lit/hr was supplied by GSN. BH. No. 2614 at Ewekoro [13].
Another borehole, GSN. BH. No. 1583 at Itori, had an artesian flow at 81 m below the
surface, with a specific capacity of 92.7-45,000 lit/hr/m and an anticipated output
of 450 lit/hr [13]. More thorough hydrogeological investigations are required for a
thorough assessment, even though some boreholes exhibit significant water produc-
tion. One of Nigeria’s eight hydrological areas, the Western Littoral Hydrological Area
HA-6, contains the Osse-Owena Basin, commonly referred to as the Benin-Owena
Basin. This Basin has not been fully explored hydrogeologically.

4.1.7 Cross-river basin

The Basin is locally divided into the Kwa-Iboe and Cross-River Basins. The
Kwa-Iboe Basin features three main hydrostratigraphic units: the Alluvial Deposit,
Coastal Plain Sand, and Lower Sand Aquifers [28, 29]. The Alluvial Deposit, the
largest unit, is separated from the Lower Sand Aquifer by the Imo Shale and varies in
thickness from 35 m in the north to 200 m in the south. It is mostly semi-confined or
unconfined, particularly in the southern part [30]. Groundwater occurs principally
under water table conditions. However, data from some settlement including Akata,
Orlu-Ezima, Umuabhia, Atta, and Awomama Umuma circle, where the depth of the
water table fluctuates from about 50 m on the circle’s periphery to over 75 m towards
the centre of the Orlu Ridge, indicate that the water table is very low in some regions.
The depth of the water table in the region south of Owerri and Aba increases at the
lower plains region (from 6 m along the shore to 30 m inland) [13]. The predominant
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groundwater flow into the Atlantic Ocean is in a north-to-south direction. In the
Imo River and the Cross River, there are variances in the northeast-southwest and
northwest-east directions as well [30].

The Cross-River Basin, on the other hand, is described as a hydrogeologically
problematic groundwater basin, which according to Offodile [13], the Asu River
Group of the Cross River is intensely fractured and large quantities of saliferous
groundwater were pumped out during lead - zinc mining activities (GSN RPT.

No. 1429). In less fractured situations, the Asu River Group cannot be considered

for groundwater exploitation. However, where fractured, as often the case in the
Abakaliki districts, groundwater occurs in reasonable quantities but with steep
drawdowns because of the limitations in the extent of the reservoirs caused by
impermeable shale-clay boundaries. Only the coarser, less-cemented sandstones and
fractured limestones with solution channels and voids contain the aquifers of the
Ezeaku Formation. In contrast, the Awgu Formation’s sandstones are thin and typi-
cally of restricted extent, which results in low yields [13]. Even worse as groundwater
reserves are the Nkporo and Mamu Formations that consecutively overlie the Awgu
Formation. All of these extremely weak aquiferous formations, which underlie the
majority of the Cross-River Basin, have contributed to the basin’s overall hydrogeolog-
ical issues. The Ajali and Benin Formation outcrops in the districts of Utapate, Etinan,
Oron, and Calabar are among the more useful younger aquifers that are present
beneath the extreme southeast corner, where the Cross-River drains into the sea [13].

4.1.8 The lake Chad basin

The Basin is the largest inland drainage basin in Africa, spanning parts of Nigeria,
Chad, the Central African Republic, and Cameroon. In Nigeria, its main tributaries
are the Hadejia, Jama’are, Komadugu, and Yobe Rivers, which originate from the Jos
Plateau and flow through Kano, Yobe, Bauchi, and Borno, moving from high rainfall
areas towards the drier Lake Chad region. The Basin’s geology includes a mix of rock
formations: the Basement Complex, Younger Granite Complex, Gundumi Formation,
Kerri-Kerri Formation, and Chad Formation. In the Basement Complex and Younger
Granite areas, boreholes are typically shallow (20-35 m) with specific capacities of
about 8-9 lit/m/min [13]. In the Gundumi Formation, groundwater is found under
water table conditions, with coarse sands providing good aquifers, except in areas
where the sediments are too thin to hold significant amounts of water, particularly
near the Basement inliers. Boreholes in the area average 45 meters deep, with water
yields ranging from 3.2 to 6.25 lit/sec [5].

The Kerri-Kerri Formation, up to 200 m thick, is poorly explored and has deep
water levels, while the Chad Basin sediments range from 115 to 132 m thick with
yields of 3.3-5 lit/sec [13]. The aquifer layers in the Chad Formation are not clearly
defined in this region. The Hadejia-Yobe Basin’s upper 20-30 m of alluvial sands store
significant water, recharged directly from river flows [5].

Most of the rivers flowing into Lake Chad originate from the watershed areas of
the Jos Plateau and the Adamawa highlands. Major rivers include the Hadejia-Yobe,
Alo, and Yedsaram from the southwest, and the Bambassa, Chari, Illi, and Lagone
from the southeast. The Yedseram-Ngadda River flows from central Nigeria to the
northwest, along with its minor tributaries, eventually emptying into Lake Chad.
The Hadejia-Yobe, Yedseram, and other tributaries are seasonal, with the Yedseram
starting to flow slightly later than the Hadejia-Yobe after the rainy season begins.

The arid northern regions contribute little to no surface flow [13]. Hydraulically, the
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Kerri-Kerri and Chad Formations are significant in the Chad Basin. The Kerri-Kerri
Formation is too deep to be of widespread hydrogeological interest, while the Chad
Formation is well studied and consists of three main aquifers:

a.An upper aquifer located at a depth of 30-100 m

b.A middle aquifer, found primarily in the eastern part of the basin, with a thick-
ness of 40-100 m, occurring from around 230 m deep near Maiduguri.

c. A lower aquifer made up of 100 m of medium to coarse sands and clays, situated
at a depth of 425-530 m.

In Maiduguri, the upper aquifer extends up to 105 m deep, composed of sands
and clays, with water levels between 10 and 15 m and yields of 2.5-30 lit/sec [5].
The middle aquifer, separated from the upper by 150 m of clay, is 300 m thick and
highly confined beneath additional 120 m of clay and shale layers [5]. This aquifer is
transboundary, with recharge areas outside Nigeria. Due to overexploitation of the
aquifer in the Chad Basin, groundwater levers have recently declined, leading to the
need for deeper drilling to access the lower aquifer [31]. Isotopic evidence shows that
the middle and lower aquifers contain ancient water, around 20,000 years old, not
replenished by modern sources [32, 33].

5. Groundwater quality issues

In Nigeria, there have been numerous investigations on the quality of groundwa-
ter, albeit they have often been conducted locally and with few chemical elements.
Around the country generally, groundwater quality is impacted by common contami-
nants (chemical, physical, and biological parameters), anthropogenic factors (urban-
ization, mining, industrialization, and geology), and natural impacts (hydrogeology
and geology). Since groundwater is a byproduct of geological formations, various
researches looked at the impact of geology on its quality. Where the aquifers are
shallow, the resource is susceptible to contamination from household, agricultural,
and industrial waste [34]. In other places, groundwater is affected by several factors
including oil spills. A notable example is provided by UNEP in 2011 in their study on
the environmental evaluation of Ogoni land [35]. Natural water quality issues have
also been reported, particularly in the context of the Benue Basin’s mineral explora-
tion [36-38]. In the coastal regions of Nigeria, problems with saltwater intrusion have
been caused by overexploitation of coastal aquifers, tidal impacts, and shallow wells.
In this way, it can be summarized that groundwater quality is determined by both
natural and human activities [39]. The hydrological conditions and geochemical and
physical processes all determine the nature, amount, and duration of human activity
on groundwater quality [40].

5.1 Pollution by heavy metals

Quality issues are known to predominate differently in different basins in the
country. Across the Nigeria’s industrial basins groundwater pollution by heavy metals,
including iron (Fe), lead (Pb), cadmium (Cd), arsenic (As), mercury (Hg), chro-
mium (Cr), and zinc (Zn), can directly contaminate groundwater through leaching
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from contaminated soils, industrial discharge, mining activities, and improper waste
disposal. Heavy metals are the major problem due to the considerable mining activity,
industrial discharge, and poor waste management procedures. They can cause serious
health effect with different symptoms depending on the nature and quality of the
metal ingested [41]. Research has revealed increased concentrations of heavy metals
such as lead, cadmium, and arsenic in groundwater in a number of different areas,
such as the Jos Plateau in the central part of the country and the Niger Delta in the
south-south [42].

Mining activities in regions such as Zamfara (in the Sokoto Basin) and the Jos
Plateau have led to significant heavy metal contamination of groundwater. Studies in
the Zamfara artisanal gold mining have resulted in severe lead poisoning, affecting
both water quality and public health [43]. According to other reports [44, 45], a vari-
ety of waste items in metropolitan areas are sources of heavy metal contamination.
Water supplies and the environmental quality will deteriorate quicker in areas where
heavy metal concentrations are high. Health concerns and hazards are unavoidable
once the environment and water resources are contaminated with excess heavy met-
als. Industrial activities around areas like the Ajaokuta Steel Company, near the Niger-
Benue Confluence have contributed to heavy metal contamination in groundwater,
with high levels of chromium, nickel, and lead detected in local water sources [46].

5.2 Pollution by hydrocarbons

Other pollutants in Nigeria’s groundwater are in the forms of hydrocarbons espe-
cially the polycyclic aromatic hydrocarbons (PAHs), iron (Fe), fluorides (F-), nitrates
(NO3), and sulphates (SO,>"). The presence of all these in groundwater primarily is due
to mining, industrial activities, urbanization, and especially waste disposal systems.
Nigeria, a leading global crude oil producer, transports petroleum products via pipe-
lines to various depots across the country, from where they are distributed by tankers
to consumers [47, 48]. The Niger Delta region, however, has experienced frequent oil
spills caused by pipeline leaks, sabotage, and operational failures. These spills have
resulted in significant hydrocarbon contamination of surface water and groundwater
[49-51]. The Bodo oil spill in 2008-2009 was a notable incident, where large volumes
of crude oil were released into the environment, severely impacting water quality and
local communities [35]. Refineries and petrochemical industries discharge effluents
containing hydrocarbons into water bodies. Similarly, inadequate waste management
practices contribute to groundwater contamination. For example, the Warri Refinery
and Petrochemical Company released effluents into the surrounding environment,
affecting water quality [46]. Illegal artisanal refining activities, prevalent in the Niger
Delta, involve crude methods of refining crude oil, leading to spills and the release of
hydrocarbons into the environment. These activities often occur near water bodies,
resulting in direct contamination of groundwater sources [52].

5.3 Other pollutants

Other pollutants of groundwater sources include fluorides. Fluorite is liber-
ated during the weathering process and is absorbed into the groundwater system
by infiltration. Table 1 indicates that 47% of the water in the basement aquifer
has fluoride levels below the acceptable limit of 1.00 mg/L, while 53% exceed this
level [54]. Fluoride concentrations of 10.30, 7.72, and 8.0 mg/L were measured in
a hand-dug well at Langtang and springs at Furzi and Dorong in the north-central
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basement complex [55, 56]. In the northeast basement aquifers, fluoride levels of

7.00 mg/L were found in both a borehole and a well at Dass [57]. Biliri, Kaltungo, and
Shongwom are other areas with high values of fluoride concentration [54]. Values of
2.22 and 2.52 mg/L of fluoride concentration in the northwest basement aquifers were
also recorded [53].

6. Challenges of groundwater management in Nigeria

Groundwater occurrences and management in Nigeria face several challenges,
including:

1. Over-Extraction: Excessive pumping of groundwater for agriculture, industry,
and domestic use can lead to the depletion of aquifers, causing water scarcity
and land subsidence.

2. Climate Change: Altered precipitation patterns and increased evaporation
due to climate change can affect the recharge of aquifers, potentially reducing
groundwater availability.

3.There is a limited understanding of the primary aquifer systems and their poten-
tial for development.

4.The geological complexity results in development challenges such as failed wells
and low aquifer yields, as well as a poor understanding of groundwater recharge
and discharge processes.

5.There is limited information on how much groundwater is used by different
sectors.

6. Water quality issues in certain regions arise from natural processes, as well as
contamination from sewage, industrial runoff, and agricultural chemicals.

7.Decreasing of borehole yields and water levels result from overuse, along with
high costs associated with groundwater development and the ongoing expenses
of running and maintaining boreholes.

8.Inadequate or fragmented data and information systems hinder effective plan-
ning and monitoring.

9. Poor construction of hand-dug wells and lack of infrastructures and mainte-
nance of water abstraction points.

10. Corruption associated with issuing drilling contracts, limited financial re-
sources, inadequate monitoring networks, poor institutional arrangements, and
policies to manage groundwater resources effectively.

11. Urbanization: Rapid urban growth often leads to increased demand for ground-
water, putting pressure on already stressed aquifers.
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12. Legal and Regulatory Issues: Weak enforcement of groundwater regulations and
property rights can result in unregulated drilling and overuse. Addressing these
challenges requires sustainable groundwater management, improved infra-
structure, and increased awareness of the importance of protecting this vital
resource.

7. Conclusion

Groundwater is essential for providing reliable and economical water supplies in
both urban and rural areas. It includes water found in the unsaturated zone (soil),
above the water table (capillary fringe), and below the water table. The availability
of groundwater has become increasingly important due to the limited and declining
yields of surface water throughout the year. Nigeria possesses significant groundwater
reserves in both the basement complex and sedimentary aquifers, with sedimentary
basins generally offering better aquifer conditions. In contrast, groundwater storage
in the crystalline basement complex is relatively limited, and the failure rate for new
boreholes in this region can reach up to 80% [53].

The practice of hydrogeology in Nigeria is hindered by a lack of appropriate hydro-
geological maps, limited geological knowledge of the terrain, insufficient infrastruc-
ture, and the absence of effective legislation. These issues complicate the exploration,
exploitation, operation, control, and management of Nigeria’s groundwater resources.
Sustainable development of these resources relies on a thorough understanding of
groundwater availability and the processes of recharge and renewal.
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