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ABSTRACT: Groundwater represents one of the most important freshwater resources in Nigeria and
serves as a major source of water for domestic, agricultural, and industrial activities. This scoping review
synthesizes existing knowledge on groundwater systems, aquifer characterization, hydrogeophysical
investigations, groundwater quality, and sustainability challenges across different hydrogeological
environments in Nigeria. The review adopted the PRISMA-ScR framework and analyzed peer-reviewed
studies published between 2000 and 2026, retrieved from Scopus, Web of Science, Google Scholar,
ScienceDirect, and SpringerLink databases. The findings revealed substantial hydrogeological variability
associated with the Basement Complex terrains, sedimentary basins, Coastal Plain Sands, and alluvial
aquifer systems. Vertical Electrical Sounding (VES), Electrical Resistivity Tomography (ERT),
hydrochemical analysis, GIS integration, and remote sensing emerged as the dominant groundwater
investigation techniques. The review further identified increasing groundwater quality deterioration
resulting from salinity intrusion, industrial pollution, oil spill contamination, excessive groundwater
abstraction, and climate variability. Coastal aquifers within the Niger Delta, Lagos, and Akwa Ibom regions
were found to be particularly vulnerable to seawater intrusion and hydrocarbon contamination. Despite
increasing groundwater studies, major gaps remain in long-term monitoring, integrated hydrogeophysical
investigations, and national groundwater database development. The study emphasizes the need for
integrated groundwater management, sustainable policy frameworks, climate-resilient groundwater
assessment approaches, and interdisciplinary research strategies to support long-term groundwater
sustainability and water security in Nigeria.
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1. Introduction

Groundwater is one of the most vital natural freshwater resources on earth and is a strategic source of
natural freshwater resources for domestic, agricultural, industrial and environmental sustainability.
Groundwater supplies more than two billion people with potable water globally, particularly in areas with
scant and highly seasonal surface water supplies [1,2]. Groundwater systems are less dependent on short-
term climatic variations as they have a natural storage capacity that enables them to sustain water supply
during dry seasons/drought periods [3]. This buffering property has led to groundwater being a key element
of global water security and climate resilience approaches.

Groundwater is the main source of drinking water in many developing countries primarily because it
is relatively more accessible, less infrastructure-intensive, and generally available with better
microbiological quality when compared to untreated surface water [4,5]. Global groundwater dependence
has increased greatly due to population growth, urbanization, and industrial expansion. Agriculture is the
biggest user of groundwater globally, which is used in food production systems for a significant portion of
irrigation. Groundwater is also critical for industrial processes, cooling systems, and energy generation
applications [6,7]. Groundwater has thus emerged as an important issue in the current governance agenda
and resource planning.

In addition to its hydrologic functions, groundwater is also a significant ecological resource for
sustaining wetlands, rivers, springs, and land-based ecosystems. Groundwater/surface water interactions
are critical, as many rivers will dry up during dry seasons unless groundwater is discharging to them [8]. In
many parts of the world, however, groundwater levels have declined, and water quality has degraded as a
result of enhanced anthropogenic influences, climate change, and over-abstraction. However, saline water
intrusion, heavy metal pollution, nitrate pollution, and aquifer overexploitation are emerging problems,
especially in coastal and urbanized areas [9].

Groundwater is increasingly recognized as important in the context of the United Nations Sustainable
Development Goals (SDGs), specifically SDG 6: Ensure access to water and sanitation for all. Additionally,
groundwater sustainability is directly connected to SDG 2 (Zero Hunger) and SDG 3 (Good Health and
Well-being), SDG 11 (Sustainable Cities and Communities), and SDG 13 (Climate Action) [10,11].
Groundwater development in a sustainable way is thus crucial in the context of poverty eradication, food
security, climate adaptation, and socioeconomic development. Groundwater is increasingly considered as
a strategic resource that can improve resilience to environmental and climatic changes in the context of
climate variability and growing water stress [12].

Groundwater is one of the most dependable and most used sources of freshwater in Nigeria for
domestic, agricultural, and industrial use. In the last several decades, the use of groundwater has grown
significantly because of the limited provision of public water supply infrastructure and the rise in population
growth [13]. Boreholes, hand dug wells, and springs are the primary sources of water for both urban and
rural communities to satisfy their day to day water requirements. Groundwater is also the major source of
potable water in many parts of the country, as surface water is either absent, seasonally available but
unreliable, or contaminated [14—16].

The rural areas of Nigeria are especially reliant on shallow wells and boreholes for their domestic needs,
including drinking, cooking, bathing, and sanitation. However, in urban areas, the inability of the urban
water supply system to provide for a growing population has led to the widespread development of private
boreholes [17,18]. As a result, aquifer exploitation has become more spread out and largely unregulated in
many cities. Independent borehole systems are commonly used in commercial buildings, residential
properties, hospitals, educational institutions, and industries to provide a reliable source of water.

Groundwater is also relevant to agricultural activities, particularly in arid and semi-arid areas of
northern Nigeria, where rainfall variability and the long dry seasons impact rain-fed farming systems [19].
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Groundwater abstraction is used for crop production in some regions in dry seasons, and this is a
requirement for irrigation schemes. Groundwater resources are also critical in sustaining industrial
processes like food processing, beverage production, manufacturing, petroleum refining, and mining [20].

The use of boreholes and hand dug wells is widespread and is an indication of the strategic value of
groundwater and the lack of water infrastructure in Nigeria. As urbanisation and population growth have
increased in the country, borehole drilling has grown at an unprecedented rate [21]. Groundwater quality is
becoming degraded, and aquifer stress is occurring in some areas due to the indiscriminate abstraction of
groundwater, poor construction, and monitoring practices. Groundwater pollution from waste disposal,
septic systems, industrial effluents, and hydrocarbons is a significant environmental issue in many
rural/urban and industrial communities [15].

However, groundwater management in Nigeria has been limited by the scarcity of hydrogeological
data, poor regulatory systems, and a lack of long-term monitoring systems, despite having become more
reliant on groundwater resources. Integrated hydrogeological studies, good groundwater governance, and
the use of current groundwater assessment tools that can support informed water resource planning and
environmental sustainability are therefore essential for sustainable groundwater development [22].

Nigeria has many different geological formations and hydrogeological environments, which have a
significant influence on groundwater occurrence, storage, movement, and quality [23]. The country can be
broadly divided into two major geological provinces: the Precambrian Basement Complex and the
sedimentary basins. Groundwater properties, productivity, recharge processes, and hydrochemical
variability vary across different areas, mainly controlled by these geological units [24].

The Basement Complex terrain forms a major part of south west, north central and north west of
Nigeria, and is made up mainly of crystalline igneous and metamorphic rocks like granites, gneisses, schist,
quartzites, and migmatites [25]. The Basement Complex has negligible primary porosity, and groundwater
is found mostly in the weathered regoliths and fractures. Groundwater productivity, therefore, in the
Basement terrains is dependent on the extent of weathering, fracture density, and structural discontinuities
[26]. The aquifers are often shallow and discontinuous in these areas, with borehole yields varying.

Sedimentary basins in Nigeria on the whole have higher groundwater potential because of porous and
permeable sedimentary rocks. The major sedimentary basins are Chad Basin, Sokoto Basin, Benue Trough,
Dahomey Basin, Anambra Basin, Bida Basin, and Niger Delta Basin. Sandstone, limestone, shale, and
unconsolidated sediments that can hold large volumes of groundwater are found in these basins [27].

The Niger Delta Basin is one of the most productive hydrogeological provinces in Nigeria because of
the presence of highly permeable Coastal Plain Sands and alluvial deposits [28]. The Benin Formation is
the major aquifer of the Niger Delta region and is composed primarily of unconsolidated sands, gravels,
silts, and clay intercalations with high groundwater storage capacity [29]. The groundwater in the Niger
Delta is overall under unconfined to semi-confined conditions with provision of water supply for domestic,
industrial, and agricultural purposes [30]. But, saline water intrusion and hydrocarbon contaminations
linked to oil exploration activities are the growing threats for coastal areas in the Niger Delta [29].

The Chad Basin of north-eastern Nigeria contains thick sequences of sandstones, clays, and
unconsolidated sediments containing abundant confined and unconfined aquifers. The groundwater
resources in the Chad Basin are especially vital for human use in both irrigation and domestic supply in the
semi-arid climates [31]. Likewise, in Gwandu and Illo formations in the Sokoto Basin, northwestern Nigeria,
productive sedimentary aquifers have been found [32].

Sedimentary sequences in the Benue Trough include sandstone, shale, limestone, and volcanic
intrusions. The Benue Trough has structurally complex conditions with lithological heterogeneities that
create a spatial variability in its hydrogeological conditions [33]. Coastal Plain Sands are found throughout
the southern part of Nigeria and have significant groundwater potential with high productivity, but have the
potential of being contaminated and saline intruded because of their proximity to the Atlantic Ocean [33].
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Climatic conditions, lithological, structural controls, recharge processes, and anthropogenic activities
have all contributed to the variability of the hydrogeology of Nigeria. Groundwater availability and quality
in various regions of the country vary due to variations in rainfall distribution, topography, permeability,
and thickness of the aquifer [34].

The geologic structures and the major aquifer systems of Nigeria are shown in Figure 1, which indicates
the influence of the Basement Complex terrains, sedimentary basins, and Coastal Plain Sands on the
occurrence and productivity of groundwater. Figure 1 shows that sedimentary formations normally have
high groundwater potential, whereas weathered and fractured Basement terrains largely depend on
weathered and fractured zones for groundwater storage.
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Figure 1. Geological Map and Major Aquifer Systems of Nigeria showing the spatial distribution of principal hydrogeological
units (Projection: UTM Zone 32N; Datum: WGS 1984).

Several environmental and anthropogenic factors pose threats to the groundwater resources and erode
their quality, availability, and sustainability in Nigeria [35]. Groundwater pollution due to hasty
urbanization, industrialization, agriculture, and poor waste management is one of the biggest challenges.
Groundwater systems have been found to contain several types of contaminants, including heavy metals,
hydrocarbons, nitrates, pathogens, and industrial chemicals in various parts of the country [36].

Another major challenge is salinity intrusion, especially in the coastal areas like the Niger Delta, Lagos,
and other parts of southern Nigeria. Irrigated groundwater extraction in coastal aquifers can lead to a
reduction in the hydraulic gradient between fresh and saline groundwater, which can cause saline
groundwater to enter fresh groundwater systems [37]. Climate change-induced sea-level rise further adds
to the vulnerability of coastal groundwater systems [11].

Population growth and urban water demand have also led to over abstraction of groundwater resources,
which has led to falling levels of groundwater in many cities. Aquifer depletion and groundwater stress can
be attributed to poorly managed groundwater governance and unregulated borehole drilling [18].
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Furthermore, oil exploration and production operations in the Niger Delta have led to contamination of the
groundwater system through oil spills, pipeline leaks, and waste disposal [38].

Groundwater recharge and sustainability are also at risk due to climate variability and shifts in rainfall
patterns. In semi-arid regions, prolonged droughts, irregular precipitation, and increased evapotranspiration
can lead to reduced recharge rates to the aquifers and higher vulnerability of groundwater [36].

This has led to a great improvement in the techniques for investigating and characterizing the
groundwater resources of Nigeria, as well as the assessment of groundwater quality. Vertical Electrical
Sounding (VES) and Electrical Resistivity Tomography (ERT) are widely used electrical geophysical
methods for delineating aquifer zones, estimating aquifer thickness, and locating groundwater bearing
formations. The methods are especially useful in Basement Complex terrains with a structurally controlled
occurrence of groundwater [39].

Borehole logging techniques can give detailed information on lithology, aquifer geometry, porosity, and
groundwater occurrence. Pumping tests are frequently performed to determine hydraulic parameters of an
aquifer, like transmissivity, hydraulic conductivity, and storage coefficient. Hydrochemical analyses are also
crucial in the study of groundwater quality, source of contamination, and hydrogeochemical processes [40].

Geographic Information Systems (GIS) and remote sensing analysis have been integrated to improve
the groundwater potential mapping, groundwater recharge estimates, lineament analysis, and groundwater
vulnerability studies [41—43]. In addition, resistivity data are increasingly being used to generate parameters
used in assessing the protective capacity of aquifers and groundwater transmissivity (Dar-Zarrouk
parameters) [44].

This review aims to synthesize existing knowledge on groundwater systems, aquifer characterization
approaches, and sustainability challenges in Nigeria using hydrogeological and geophysical perspectives.
The review seeks to evaluate the distribution and characteristics of major aquifer systems, examine
advances in groundwater investigation techniques, assess emerging groundwater sustainability challenges,
and identify critical research gaps requiring future investigation.

2. Methodology

This study adopted a structured scoping review methodology to synthesize existing knowledge on
groundwater systems, aquifer characterization, hydrogeophysical investigations, groundwater quality, and
sustainability challenges in Nigeria. The methodological workflow consisted of six major stages: (i)
formulation of review objectives and research questions; (ii) systematic literature search across multiple
scientific databases; (iii) screening and selection of relevant studies using predefined inclusion and
exclusion criteria; (iv) extraction of hydrogeological, hydrogeophysical, hydrochemical, and sustainability-
related information; (v) thematic classification and synthesis of evidence; and (vi) identification of research
gaps, emerging technologies, and future research priorities. The overall methodological framework adopted
in this study is illustrated in Figure 2.
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Figure 2. Schematic Methodological Framework for the Scoping Review of Groundwater Systems and Aquifer Characterization
Studies in Nigeria.

2.1. Scoping Review Framework

The methodology used in this study is the scoping review method, which aims to systematically map,
synthesize, and evaluate the available literature on groundwater systems, aquifer characterization, and
sustainability issues in Nigeria. The scoping review approach was deemed suitable due to the
multidisciplinary, geographically widespread, and methodologically diverse nature of groundwater studies
in Nigeria, which include hydrogeological, hydrogeophysical, hydrochemical, environmental, and
geospatial studies. In contrast to systematic reviews, which aim to address specific research questions,
scoping reviews can address a wider range of questions and seek to identify research gaps and to synthesize
themes across a collection of diverse studies [45].

The Preferred Reporting Items for Systematic Review and Meta-Analysis Extension for Scoping
Review (PRISMA-ScR), the Arksey and O’Malley methodological framework, and the Joanna Briggs
Institute (JBI) suggestions were used to guide the review framework. To enhance transparency and
reproducibility in the literature screening and review process, a structured reporting guideline (PRISMA-
ScR) was used throughout to identify the literature, conduct screening, assess eligibility, and finalize the
inclusion of literature for analysis [46]. The Arksey and O’Malley framework has been used for its
flexibility in integrating multidisciplinary evidence and its applicability to environmental and
hydrogeological review-based studies [47]. The framework has five components: identification of research
questions; identification of relevant studies; selection of studies; charting data; and synthesis of findings.

Additionally, the Joanna Briggs Institute (JBI) guidelines were used to enhance methodological rigor
and consistency for evidence synthesis. JBI prioritizes the thorough search of the literature, the clearness
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of inclusions and the systematic thematic classification of evidence [48]. These frameworks, taken together,
improved the trustworthiness, completeness, and repeatability of the current review.

The review was limited to studies on groundwater occurrence, groundwater systems, hydrogeological
characterisation, groundwater quality, hydrogeophysical studies, groundwater sustainability problems and
new technologies in groundwater assessment in Nigeria. The focus was on detecting spatial patterns,
methodologies, sustainability issues, and research needs for groundwater studies conducted in various
geological and hydrogeological settings in the country.

The adoption of the PRISMA-ScR, Arksey and O’Malley, and Joanna Briggs Institute frameworks
enhanced methodological transparency, reproducibility, and consistency throughout the review process.

2.2. Literature Search Strategy

A thorough literature search strategy was used to obtain relevant peer reviewed publications on
groundwater systems and aquifer characterization in Nigeria. A systematic search of multiple international
scientific databases was undertaken to provide good coverage of hydrogeological, geophysical,
environmental, and water resources literature. Selected databases included Scopus, Web of Science, Google
Scholar, ScienceDirect, and SpringerLink. These databases were selected because of their extensive
coverage of hydrogeological, hydrogeophysical, environmental, and water-resources literature relevant to
groundwater investigations. These databases were chosen because they cover a significant percentage of
groundwater related studies and have wide multidisciplinary coverage relevant to hydrogeological and
hydrogeophysical studies.

The literature search included publications from 2000 to 2026 to reflect current progress and
advancement in groundwater exploration, aquifer characterization, groundwater quality study, and
groundwater sustainability in Nigeria. This time frame was chosen because of the many developments in
geophysical methods, GIS applications, hydrochemical analysis, and groundwater sustainability studies that
have taken place over the last twenty years.

Boolean operators were used in the search process, including “AND”, “OR”, and “NOT” to be used to
tighten search combinations and help retrieve the most accurate information. Various combinations of
keywords were used to access studies on groundwater systems, aquifer investigations, hydrogeophysics,
groundwater quality, and sustainability issues in Nigeria. Reference lists from selected articles were used to
conduct additional manual searches for relevant articles that were not found in the initial database searches.

The literature search was carried out in a multi-step process with the aim of avoiding the omission of
relevant literature. Articles were screened for inclusion based on title and abstract, then by full-text review.
Duplicate records retrieved from various databases were identified and eliminated prior to the screening
process. A search strategy was developed to be as comprehensive as possible in capturing studies
specifically related to the goals of this review.

2.3. Search Keywords

A range of search terms and their combinations were used in the literature search. The keywords were
developed to include studies on groundwater occurrence, aquifer systems, hydrogeological characterization,
groundwater quality, hydrogeophysics, and groundwater sustainability in Nigeria. The keywords used were:
Groundwater Nigeria; Aquifer characterization Nigeria; Hydrogeophysics Nigeria; Groundwater quality
Nigeria; Coastal aquifers Nigeria; Electrical resistivity groundwater Nigeria; Groundwater sustainability
Nigeria; Hydrogeological investigations Nigeria.

Other search terms used were: “VES groundwater Nigeria”, “ERT groundwater studies Nigeria”, “GIS
groundwater mapping Nigeria”, “Groundwater contamination Nigeria”, “Salinity intrusion Nigeria”, and
“Groundwater recharge Nigeria”. Boolean operators were added to refine search results. In this regard,
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database searches were conducted using combinations of search terms, e.g., “Groundwater” AND “Nigeria”
AND “Aquifer characterization”, “Hydrogeophysics” OR “Geophysical investigations” AND “Nigeria”,
and “Groundwater quality” AND “Coastal aquifers” AND “Nigeria”.

To ensure multidisciplinary research, including hydrogeology, hydrochemistry, environmental geology,
geophysics, GIS application, and groundwater sustainability assessments were included, the search was
deliberately wide with broad keywords. The entire search process was further carried out in an iterative
manner with the aim of improving the retrieval efficiency and minimizing the number of irrelevant results
by modifying and refining the keywords. Representative search syntaxes used in the major databases are
presented in Table 1.

Table 1. Representative Search Syntax Used in Different Databases.

Database Search Syntax
TITLE-ABS-KEY (“groundwater” AND Nigeria AND (“aquifer characterization” OR hydrogeophysics OR

S . o
copus “groundwater quality” OR sustainability))
Web of Science TS = ( ”groundwat'er AND Nigeria AND (“aquifer characterization” OR hydrogeophysics OR “groundwater
quality” OR sustainability))
Google Scholar :Groundwater Nige.ria” QR i‘équifer characterization Nigeria” OR “Hydrogeophysics Nigeria” OR
Groundwater quality Nigeria
ScienceDirect (“groundwater” AND Nigeria) AND (“aquifer characterization” OR hydrogeophysics OR “groundwater

sustainability™)
SpringerLink  (“groundwater” AND Nigeria AND (“hydrogeology” OR hydrogeophysics OR “groundwater quality”))

2.4. Inclusion Criteria

To avoid inconsistencies and irrelevancies in the selection of the studies made available for the review,
specific inclusion criteria were set up. Only peer-reviewed journal articles specifically related to
groundwater systems, groundwater characterization, hydrogeological studies, groundwater quality
evaluation, hydrogeophysics, and groundwater sustainability in Nigeria were included. Groundwater
exploration was also conducted using geophysical methods such as VES, ERT, borehole logging, pumping
tests, GIS applications, and hydrochemical analysis [49].

The studies included in this review had to be in English, contain adequate methodological and
analytical detail for assessment of groundwater, and be eligible for the assessment. Only those studies that
were published in English, provided adequate methodological and analytical detail for assessing
groundwater, and that were eligible for groundwater assessment were included in this review. Sedimentary
and Basement Complex hydrogeological contexts were studied in Nigeria. In addition, studies relevant to
groundwater sustainability issues were added, such as those on groundwater contamination, salinity
intrusion, groundwater vulnerability, assessment of groundwater recharge, and climate-related issues
affecting groundwater [50].

Studies using hydrogeological and geophysical methods to assess groundwater, as well as those related
to groundwater resource management and sustainability perspectives, were also considered in the inclusion
process. The studies selected gave a good coverage of the groundwater systems and related environmental
issues in Nigeria.

2.5. Exclusion Criteria

Studies that did not meet the inclusion criteria were excluded from the review. Duplicate publications
retrieved from multiple databases were identified and removed during the screening stage [46,48].
Conference abstracts, editorials, unpublished reports, dissertations without accessible full texts, and non-
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peer-reviewed materials were excluded to ensure the scientific reliability and quality of the reviewed
literature [47,48].

Studies unrelated to groundwater systems or those focusing exclusively on surface water resources
without groundwater relevance were also excluded. Articles lacking sufficient methodological details,
incomplete datasets, or inadequate analytical descriptions were omitted from the final synthesis [46].
Additionally, studies conducted outside Nigeria or studies with limited relevance to hydrogeological and
groundwater sustainability themes were excluded from the review process.

The exclusion criteria were applied systematically throughout the screening and eligibility assessment
stages to improve the consistency and credibility of the final dataset used for thematic synthesis [46,48].

2.6. Study Selection and Screening

The study selection and screening process followed the PRISMA-ScR framework to ensure
transparency and reproducibility (Figure 3). The initial database searches yielded a large number of
potentially relevant publications. These records were exported into a reference management system where
duplicate articles were identified and removed prior to screening.

The first stage of screening involved evaluation of article titles and abstracts to determine relevance to
groundwater systems, aquifer characterization, hydrogeological investigations, and groundwater
sustainability in Nigeria. Studies considered potentially eligible during this phase proceeded to full-text
assessment. Full-text screening was subsequently conducted to confirm compliance with the established
inclusion and exclusion criteria.

The eligibility assessment involved careful evaluation of the study objectives, methodologies,
geographic focus, analytical approaches, and thematic relevance to the review objectives. Studies meeting
all eligibility requirements were included in the final synthesis and thematic categorization. The final
included studies represented a broad range of hydrogeological, hydrogeophysical, hydrochemical, and
environmental groundwater investigations conducted across different geological terrains within Nigeria.
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& ; i >
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[ J
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Figure 3. PRISMA Flow Diagram for Literature Selection and Screening Process.
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Figure 3 demonstrates the systematic and transparent procedure used in selecting groundwater-related
studies included in the review, thereby improving the reliability, reproducibility, and methodological rigor
of the study.

2.7. Data Extraction and Thematic Synthesis

Systematic extraction and organization of the relevant information from the selected studies were
performed through thematic classification methods. The data collected were study location, geological
setting, type of aquifer, methods of investigation, characteristics of groundwater, sustainability issues, and
findings. Other information on groundwater quality parameters, hydrochemical facies, salinity intrusion,
aquifer vulnerability, and groundwater management issues was also reported.

Hydrogeological grouping, regional categorisation, methodological classification, and sustainability
issue classification were used to conduct thematic synthesis. The studies were classified in major
hydrogeological provinces like Basement complex terrains, sedimentary basins, coastal aquifers, alluvial
systems, efc. The regional categorisation enabled the assessment of spatial differences in groundwater
investigations and sustainability issues in various regions of Nigeria.

Methodological classification was done with respect to the most important groundwater investigation
techniques used in the analysed studies: geophysical, hydrochemical, GIS and remote sensing applications,
and integrated hydrogeophysical. Sustainability issue classification aimed to define the major
environmental and anthropogenic concerns with regard to groundwater resources, such as groundwater
pollution, saline intrusion, over-abstraction, climate variability, and contamination from industry.

A thematic synthesis approach was used to evaluate the research trends, methodological developments,
hydrogeological variations, and groundwater sustainability issues in Nigeria, to identify the key research
gaps and future trends for groundwater assessment and management in the country.

3. Results and Thematic Synthesis
3.1. Distribution of Groundwater Studies in Nigeria

The reviewed literature revealed a substantial increase in groundwater-related studies in Nigeria over the
past two decades, particularly between 2010 and 2026. The analysis of literature showed significant
groundwater related research in Nigeria for the last 20 years, with a high surge in the studies between 2010 and
2026. Spatial distribution of the studies revealed that there was a high spatial variation, with most investigations
concentrated in the Niger Delta region, in the southwest of Nigeria, and in parts of North Central Nigeria. This
imbalance is mostly attributed to the regional variation in population density, level of industrial development,
demand for groundwater, environmental sensitivity, and availability of research institutions.

The strategic economic value, the extensive oil exploration activities, and growing concerns about
groundwater contamination in the Niger Delta region led to the study of the region as one of the most
studied hydrogeological provinces. The quality of groundwater in Rivers [11], Bayelsa [51], Delta [52],
Akwa Ibom [53] and Cross River [54] states has been the subject of numerous investigations, as well as
deterioration, intrusion of salinity, contamination of hydrocarbons, and vulnerability of aquifers. Lagos
State is also a well-researched area due to high urbanisation, high water extraction rates, high coastal
vulnerability, and industrial pollution issues [55]. Some hydrogeophysical and hydrochemical studies have
been carried out in Lagos, which reported groundwater salinisation, heavy metals contamination, and
deterioration of groundwater quality due to urban expansion and coastal processes [56].

Hydrogeological interest has also been high in the region of Southwestern Nigeria, especially in the
Basement Complex terrain. The major areas of groundwater studies in the states include groundwater
exploration (electrical resistivity techniques, lineament mapping), aquifer vulnerability assessment, and
hydrochemical characterization in Oyo [57], Osun [58], Ondo [59], Ekiti [60], Ogun [61], and portions of
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Kwara [62]. Groundwater development has been driven by the occurrence of a high proportion of crystalline
basement rocks, and extensive use of VES and ERT has been made to identify weathered and fractured
basement rock zones.

The northern part of Nigeria, especially the Chad Basin and Sokoto Basin, has also seen significant
groundwater investigations due to growing water demands and semi-arid climatic conditions associated
with irrigation agriculture [63]. Research within these basins often concentrated on groundwater recharge,
aquifer productivity, groundwater depletion, and water stress due to climate change [63,64]. In contrast,
whereas a number of the regions in the Niger Delta and southwestern Nigeria have been well studied,
several other regions in the northeastern and northwestern parts of the country have been under-researched,
partly because of the insecurity, research infrastructure, and limited hydrogeological monitoring system.

The trends shown in the publications reflect advancing interdisciplinary studies of groundwater that
incorporate hydrogeophysics, applications of GIS, remote sensing, hydrochemistry, and environmental
sustainability assessments. Previous investigations in the 20002010 period were mostly targeted towards
the exploration and siting of boreholes for groundwater through traditional resistivity methods. More recent
studies, however, are increasingly combining groundwater potential mapping using GIS, hydrochemical
facies, machine learning methods, and groundwater vulnerability assessments [57—62].

There have been more groundwater studies in Nigeria, but some areas are yet to have comprehensive
studies (Figure 4). The research coverage is rather poor in parts of the Middle Belt, in northeastern Nigeria,
and in some parts of the inland sedimentary basins. In addition, few long-term groundwater monitoring
datasets are available to inform comprehensive assessments of groundwater sustainability at the national
scale. The reviewed studies showed that many investigations are localized, non-integrated, and fragmented,
with limited integration across hydrogeological regions.

6°0'0"E 8°0'0"E 10°0'0"E 12°0'0"E 14°0'0"E
L - s L L LEGEND
z Poliution Groundwater Study Density z
2 —— : (2000-2026) s
o * Industrial effluents Aridification & Climate - Fo
g o « Mining activities Variability [ very Low (1 -5 studies) %
- ® Sokoto Al * Solid waste Iea::hale * Reduced recharge l:' Low (6 - 15 studies) i
/\ ' J.—. ,.\» * Prolonged droughts
Over-abstraction f o [ ‘\ Kamna w * Increasing temperatures D Moderate (16 — 30 studies)
9 ‘,\J‘ Kiwa Yobe
. Ex:es.swefgro:ndwa:er Zamfara gal /j - - High (31 - 60 studies)
pumping for domestic, i ®
z agricultural and o e bt - Karlo e - Very High (> 60 studies) z
5 industrial use 3 ) / 2
24 - il 2 /a 5" - 9\ I oo ohrcssstwwiwettihe: [
oy e o i \L (2000-2026) o
/'\/z_7 Kaduna 2 Bauchi d;\ Gombe Tt ®) Histiaries
5 2 s o ® 6-15 studies
° 2 ° L4 } 4
\i\ Sl ® © 16 - 30 studies
= % iNiges . e ° { lj_/ ! ® > 30 studies =z
> - Federal— /\] Poor Data and Monitoring >
27 ) XW\\:,, Capital J{k f&f(‘\_ + Limited long-term monitoring Major Sustainability Challenges ro
9 ~ Kwara ® Territory / L 2 . - + Inadequate groundwater N E
() ‘,\ |~ Nassarawa “._-_ databases Over-abstraction
« Data gaps and inconsistency Pollution
Aridification & Climate Variability
=z @ Saline Water Intrusion z
o 5
e Oil and Gas Contamination [
© @©
@ Poor Sanitation
* Seawater intrusion in =R
coastal aquifers Poor Sanitation @ Poor Data and Monitoring
= High salinity in » Septic tank leakage
coastal groundwater . - * Open defecation Water Bodies
-4 * Contamination of shallow -4
c aquifers #_~ Major Rivers 'c
=3 i i £ re
b Qil éndIGas Contamination . ) Joiee - Lakes / Reservoirs / Lagoons o
« Oil spills and leakages
+ Hydrocarbon pollution ; 0 105 210 420 Kilometers [] state Boundary
* Poor waste management Atlantic Ocean ' ; ; i
Source: Compiled from multiple studies

T T T T T T 2000-2026 d GIS d i L
4°0'0"E 6°0'0"E 8°0'0"E 10°0'0"E 12°0'0"E 14°0'0"E ! D40 ks

Figure 4. Spatial Distribution of Groundwater Studies and Major Sustainability Challenges in Nigeria (Projection: UTM Zone
32N; Datum: WGS 1984).
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Figure 4 reveals strong regional disparities in groundwater investigations, with greater concentration
in the Niger Delta, Lagos, and southwestern Nigeria due to increasing urbanization, industrialization, and
groundwater contamination concerns. It also highlights key sustainability threats, including salinity
intrusion, pollution, and groundwater depletion.

3.2. Hydrogeological Framework and Aquifer Systems

The reviewed studies revealed considerable hydrogeological diversity across Nigeria, resulting from
variations in geological formations, climatic conditions, lithology, structural controls, and recharge
mechanisms. Groundwater occurrence within Nigeria is primarily associated with two major geological
provinces consisting of the Precambrian Basement Complex terrain and the sedimentary basins [65].

Basement aquifers constitute the dominant groundwater systems within southwestern, north-central,
and northwestern Nigeria. These aquifers occur mainly within weathered overburden and fractured
crystalline rocks due to the negligible primary porosity of granites, gneisses, schists, and migmatites [66].
Groundwater productivity within Basement terrains depends largely on weathering thickness, fracture
connectivity, and structural discontinuities [67]. Several studies have reported that productive aquifers
within Basement Complex regions are commonly associated with deeply weathered regoliths and fractured
bedrock zones identified through resistivity investigations and borehole logging [68,69]. However,
groundwater yield within these terrains is often variable and unpredictable due to lithological heterogeneity
and discontinuous fracture networks.

Fractured aquifers play an important role in groundwater storage and transmission within crystalline
rock environments [70]. Numerous studies have demonstrated the significance of tectonic structures such
as faults, joints, fractures, and lineaments in controlling groundwater occurrence within Basement terrains
[70,71]. Remote sensing and GIS-based lineament analyses have increasingly been applied to identify
structurally controlled groundwater potential zones. Productive boreholes are frequently associated with
high lineament density zones characterized by enhanced secondary porosity and permeability [14,72].

Sedimentary aquifers occurring within the Chad Basin, Sokoto Basin, Benue Trough, Dahomey Basin,
Anambra Basin, and Niger Delta Basin generally exhibit higher groundwater potential due to the presence
of porous and permeable sandstone formations [65]. The Chad Basin aquifer system contains extensive
confined and unconfined aquifers capable of supporting domestic water supply and irrigation agriculture in
semi-arid northeastern Nigeria [73]. Similarly, the Sokoto Basin contains productive groundwater-bearing
formations associated with the Gwandu and Illo formations [74].

The Niger Delta Basin represents one of the most productive groundwater provinces in Nigeria. The
Benin Formation, which forms the principal aquifer system within the Niger Delta, consists predominantly
of unconsolidated sands, gravels, silts, and clay interbeds with high hydraulic conductivity and groundwater
storage capacity [75]. Groundwater within this formation occurs under unconfined to semi-confined
conditions and supports extensive domestic, industrial, and agricultural water supply [76]. However, coastal
portions of the Niger Delta are increasingly threatened by saline intrusion, groundwater contamination, and
hydrocarbon pollution associated with oil exploration activities [37].

Alluvial aquifers occurring along major river valleys and floodplains also contribute significantly to
groundwater resources in Nigeria [77]. These aquifers are commonly characterized by high porosity and
permeability due to unconsolidated alluvial sediments. Alluvial aquifers support dry-season irrigation and
domestic water supply in several floodplain regions [78].

Lithological characteristics, aquifer thickness, recharge conditions, structural features, and climatic
variability control aquifer productivity variations across Nigeria. Sedimentary aquifers generally exhibit
higher transmissivity and borehole yields compared to Basement Complex aquifers [79]. Nevertheless,
hydrogeophysical investigations have demonstrated that productive groundwater zones may occur within
fractured crystalline environments where secondary porosity is sufficiently developed [80].
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3.3. Groundwater Exploration and Characterization Techniques

The reviewed studies demonstrated extensive application of hydrogeophysical, hydrogeological,
hydrochemical, and geospatial techniques for groundwater exploration and aquifer characterization in
Nigeria. Electrical resistivity methods remain the most widely utilized groundwater investigation
techniques due to their cost-effectiveness, efficiency, and suitability for diverse geological environments.

VES has been extensively applied for groundwater exploration, aquifer delineation, lithological
characterization, and estimation of overburden thickness within both the Basement Complex and
sedimentary terrains [81]. Several studies reported successful identification of weathered and fractured
aquifer zones using Schlumberger and Wenner electrode configurations. VES investigations are particularly
effective for determining subsurface resistivity distributions and identifying groundwater-bearing
formations suitable for borehole development [82].

ERT has gained increasing popularity due to its ability to provide two-dimensional and three-
dimensional imaging of subsurface resistivity structures. ERT studies conducted across coastal and
Basement terrains have successfully delineated saline intrusion zones, fracture systems, lithological
boundaries, and groundwater contamination plumes [83]. In coastal aquifers, ERT has proven highly
effective for mapping freshwater-saltwater interfaces and identifying saline water wedges within shallow
aquifer systems [84].

Borehole logging techniques have equally contributed significantly to aquifer characterization in
Nigeria. Geophysical borehole logs, including resistivity, gamma ray, spontaneous potential, and caliper
logs, provide detailed information on lithology, aquifer thickness, porosity, and groundwater occurrence
[85]. Borehole logging is frequently integrated with pumping tests and resistivity investigations to improve
aquifer characterization accuracy [86].

GIS integration and remote sensing applications have become increasingly important in groundwater
studies across Nigeria. GIS-based groundwater potential mapping using thematic layers such as lineament
density, drainage density, land use/land cover, slope, rainfall, lithology, and soil characteristics has
significantly improved groundwater resource assessment [87]. Remote sensing data obtained from Landsat,
Sentinel, SRTM DEM, and other satellite platforms are increasingly utilized for lineament extraction,
recharge zone identification, and groundwater vulnerability mapping [88].

Pumping test analysis remains an important hydrogeological tool for estimating aquifer hydraulic
parameters such as transmissivity, hydraulic conductivity, storativity, and specific yield [11]. Several
reviewed studies reported transmissivity values ranging from low to high, depending on geological setting
and aquifer type. Pumping test results are commonly integrated with geophysical data for groundwater
resource evaluation and borehole performance assessment [89].

Dar-Zarrouk parameters derived from resistivity data have also become increasingly important in
groundwater characterization studies [90]. Longitudinal conductance, transverse resistance, transmissivity,
and hydraulic conductivity relationships derived from geoelectrical data have been widely utilized for
evaluating aquifer protective capacity and groundwater potential. Several studies demonstrated strong
correlations between geoelectrical parameters and hydrogeological characteristics across diverse geological
environments in Nigeria [91,92].

3.4. Groundwater Quality and Hydrochemistry

Groundwater quality assessments conducted across Nigeria revealed significant spatial variability in
groundwater chemistry and contamination levels [93]. Several studies have documented groundwater
contamination associated with anthropogenic activities, including industrial discharges, agricultural
practices, urban waste disposal, septic systems, mining, and petroleum exploration [94,95].
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Heavy metal contamination has been reported in several groundwater systems, particularly within
industrial and mining regions [96]. Metals such as lead, cadmium, chromium, iron, manganese, zinc, and
arsenic have been detected in groundwater at concentrations exceeding recommended drinking water
standards in some locations. Industrial effluents, waste dumpsites, battery disposal, and mining operations
constitute major sources of heavy metal contamination [15,97].

Nitrate contamination is another widespread groundwater quality concern, particularly within urban
and agricultural areas [98]. Elevated nitrate concentrations are frequently associated with excessive
fertilizer application, septic tank leakage, refuse dumps, and sewage infiltration. Several studies have
reported nitrate concentrations exceeding permissible limits for drinking water, posing potential health risks
such as methemoglobinemia and other waterborne diseases [99].

Salinity contamination is particularly severe within the coastal aquifers of southern Nigeria.
Hydrochemical and geophysical studies conducted in the Niger Delta [100], Lagos [101], and Akwa Ibom
coastal regions [40], have documented elevated concentrations of chloride, sodium, and total dissolved
solids associated with seawater intrusion. Salinity intrusion is intensified by excessive groundwater
abstraction, sea-level rise, and reduced freshwater recharge.

Industrial pollution and hydrocarbon contamination associated with oil exploration activities represent
major groundwater quality challenges within the Niger Delta [36]. Numerous studies reported the presence
of total petroleum hydrocarbons, benzene, toluene, ethylbenzene, and xylene compounds in groundwater
systems affected by oil spills and pipeline leakage. Groundwater contamination within oil-producing
communities has raised serious environmental and public health concerns [102,103].

Hydrochemical facies analysis revealed considerable variations in groundwater chemistry across
different hydrogeological settings. Common hydrochemical facies identified in Nigerian groundwater
systems include calcium-bicarbonate, sodium-chloride, calcium-magnesium-bicarbonate, and mixed water
types [104,105]. Hydrochemical processes that control groundwater composition include mineral
dissolution, ion exchange, rock-water interactions, evaporation, and anthropogenic contamination.

3.5. Coastal Aquifer Vulnerability and Salinity Intrusion

Coastal aquifer systems within southern Nigeria are increasingly vulnerable to saline intrusion and
groundwater quality deterioration due to their proximity to the Atlantic Ocean and increasing anthropogenic
pressure. Coastal aquifers occurring within Lagos [101], the Niger Delta [100], and Akwa Ibom State [40],
constitute some of the most productive groundwater systems in Nigeria but are also among the most
environmentally vulnerable.

Several reviewed studies documented extensive seawater intrusion within coastal aquifers resulting
from excessive groundwater abstraction, sea-level rise, tidal influence, and reduced freshwater recharge
[37,106]. Electrical resistivity investigations conducted along coastal regions consistently identified low-
resistivity saline zones underlying or encroaching into freshwater aquifers [107]. Hydrochemical indicators
such as elevated chloride concentrations, sodium adsorption ratios, and total dissolved solids further
confirmed salinity contamination within several coastal groundwater systems [108].

Vulnerability mapping studies utilizing GIS-based multi-criteria approaches demonstrated that low-
lying coastal regions characterized by high permeability, shallow water tables, and intensive groundwater
abstraction are highly susceptible to seawater intrusion [109]. Coastal Plain Sands within the Niger Delta
exhibit high groundwater productivity due to their unconsolidated sandy lithology; however, these same
hydrogeological characteristics also enhance saline water migration and contamination vulnerability [110].

The Niger Delta region faces additional groundwater sustainability challenges associated with oil
exploration, gas flaring, industrial activities, and poor waste management practices. Oil spill incidents have
introduced hydrocarbon contaminants into shallow aquifers, thereby exacerbating groundwater quality
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deterioration [111]. Several studies reported elevated concentrations of petroleum hydrocarbons and heavy
metals within groundwater systems surrounding oil-producing communities [111,112].

Similarly, coastal groundwater systems within Lagos State are increasingly threatened by urbanization,
excessive borehole drilling, saline intrusion, and industrial pollution [113]. Rapid population growth and
inadequate public water supply infrastructure have intensified groundwater abstraction within the Lagos
coastal aquifer system [113,114]. Akwa Ibom coastal regions have also experienced increasing groundwater
salinity associated with marine influence and coastal hydrodynamic processes [115].

3.6. Climate Change and Groundwater Sustainability

The reviewed studies indicate that climate change and climatic variability pose significant threats to
groundwater sustainability in Nigeria. Variations in rainfall patterns, increasing temperatures, prolonged
droughts, flooding events, and sea-level rise have important implications for groundwater recharge, storage,
and quality across different hydrogeological environments [116].

Recharge variability associated with changing precipitation patterns may significantly influence
groundwater availability, particularly within semi-arid and drought-prone regions of northern Nigeria.
Reduced rainfall and increasing evapotranspiration may lower groundwater recharge rates and contribute
to declining groundwater levels [49]. Conversely, intense rainfall events and flooding may increase
contamination risks by enhancing the infiltration of pollutants into shallow aquifers.

Flood impacts on groundwater systems are particularly significant within urban and coastal regions
where inadequate drainage infrastructure facilitates contaminant transport into groundwater systems [50].
Floodwater infiltration may introduce pathogens, hydrocarbons, heavy metals, and industrial contaminants
into shallow aquifers, thereby compromising groundwater quality [117].

Drought conditions within northern Nigeria have intensified groundwater abstraction for irrigation and
domestic water supply, thereby increasing groundwater stress and aquifer depletion risks. Several studies
highlighted the growing importance of groundwater as a drought-resilience resource in semi-arid
environments [118].

Sea-level rise associated with global climate change further threatens coastal groundwater
sustainability by increasing saline water intrusion into freshwater aquifers. Coastal aquifers characterized
by shallow water tables and high permeability are particularly vulnerable to climate-induced salinity
encroachment [37].

Climate-groundwater interactions in Nigeria remain insufficiently understood due to limited long-term
monitoring datasets and inadequate integration of climatic and hydrogeological models. Nevertheless,
existing evidence suggests that climate variability will increasingly influence groundwater recharge
dynamics, groundwater quality, and water security across the country.

3.7. Emerging Technologies and Research Trends

Recent groundwater studies in Nigeria demonstrate increasing adoption of emerging technologies and
interdisciplinary approaches for groundwater exploration, characterization, and sustainability assessment.
Machine learning and artificial intelligence techniques are gradually being integrated into groundwater
potential mapping, contamination prediction, aquifer classification, and groundwater quality modelling [53].

GIS-based Analytic Hierarchy Process (GIS-AHP) approaches have become increasingly popular for
groundwater potential assessment and aquifer vulnerability mapping. These techniques integrate multiple
thematic layers, including lithology, rainfall, drainage density, slope, land use/land cover, lineament density,
and soil characteristics, to identify suitable groundwater zones [112].

Remote sensing integration has significantly enhanced regional groundwater assessment through
satellite-based lineament mapping, land use monitoring, recharge estimation, and environmental change
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detection. Landsat, Sentinel, ASTER, and SRTM datasets are increasingly utilized for groundwater
exploration and hydrogeological analysis [119].

Three-dimensional inversion techniques and advanced resistivity imaging methods are also gaining
attention in hydrogeophysical investigations. These techniques provide improved subsurface
characterization and higher-resolution imaging of aquifer geometry, fracture systems, and saline intrusion
patterns [120].

Unmanned Aerial Vehicle (UAV) applications represent another emerging research trend in
groundwater and environmental investigations. UAV-based surveys may support high-resolution
topographic mapping, environmental monitoring, groundwater vulnerability assessment, and contamination
surveillance in difficult terrain environments [121].

Overall, the reviewed studies indicate a gradual transition from conventional groundwater exploration
approaches to integrated hydrogeophysical, geospatial, and data-driven methodologies that support
sustainable groundwater management and environmental resilience in Nigeria.

4. Discussion
4.1. Current State of Groundwater Research in Nigeria

Groundwater research in Nigeria has experienced substantial growth over the past two decades,
reflecting increasing national concern regarding water security, environmental sustainability, urbanization,
and climate variability. The reviewed studies indicate progressive advancement from conventional
groundwater exploration toward more integrated hydrogeological, hydrogeophysical, hydrochemical, and
geospatial investigations. Earlier groundwater studies conducted in Nigeria primarily focused on borehole
siting and groundwater occurrence using conventional VES techniques. However, recent investigations
increasingly incorporate ERT, GIS, remote sensing, hydrochemical analysis, lineament mapping, and
groundwater vulnerability assessment approaches [23,80,107].

The growing application of multidisciplinary techniques demonstrates an important shift toward
comprehensive groundwater system evaluation capable of supporting sustainable groundwater management
and environmental planning. Advances in geophysical instrumentation, geospatial technologies, and
hydrochemical analytical methods have significantly improved the understanding of aquifer systems,
groundwater quality, and hydrogeological variability across different regions of Nigeria [36].

Despite this progress, groundwater research distribution remains spatially uneven. The Niger Delta
region, Lagos coastal environment, and southwestern Basement Complex terrains dominate the existing
literature due to their environmental vulnerability, population density, industrial activities, and accessibility
of research infrastructure. Coastal regions have attracted significant scientific attention because of salinity
intrusion, hydrocarbon contamination, and groundwater quality deterioration associated with urbanization
and petroleum exploration activities [52]. Similarly, southwestern Nigeria has become a major focus of
hydrogeophysical investigations due to the hydrogeological complexity of Basement Complex terrains and
the need for effective groundwater exploration within fractured crystalline environments [61].

In contrast, several regions within northeastern Nigeria, parts of the Middle Belt, and inland
sedimentary basins remain comparatively understudied. Insecurity, inadequate hydrogeological monitoring
infrastructure, limited research funding, and poor accessibility have constrained groundwater investigations
in several northern regions. This imbalance limits comprehensive national understanding of groundwater
resources and introduces uncertainties into national groundwater management strategies.

The reviewed studies also revealed that electrical resistivity techniques constitute the dominant
methodological approach in Nigerian groundwater investigations. VES remains the most frequently utilized
groundwater exploration technique because of its simplicity, affordability, and effectiveness in delineating
subsurface lithological variations and aquifer zones. However, increasing adoption of ERT, GIS integration,
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remote sensing, and hydrochemical analysis indicates a gradual transition toward more advanced and
integrated groundwater assessment methodologies [122]. The use of pumping tests, borehole logging, and
Dar-Zarrouk parameter analysis has further improved aquifer characterization and groundwater
productivity evaluation across different hydrogeological settings [123].

Although groundwater research in Nigeria has expanded considerably, many studies remain localized
and project-specific, with limited integration across hydrogeological provinces [92]. There is still
insufficient synthesis of groundwater data at the national scale, thereby limiting effective groundwater
policy formulation and long-term sustainability planning. Consequently, there remains a strong need for
coordinated national groundwater assessment frameworks capable of integrating hydrogeological,
geophysical, environmental, climatic, and socioeconomic datasets.

4.2. Major Scientific and Technical Gaps

One of the most significant scientific gaps identified in the reviewed literature is the scarcity of
comprehensive groundwater datasets across Nigeria. Although numerous localized investigations have
been conducted, long-term hydrogeological monitoring data remain limited in many regions. The absence
of continuous groundwater level measurements, recharge monitoring systems, hydrochemical time-series
datasets, and aquifer performance records significantly constrains understanding of groundwater dynamics
and long-term sustainability [76].

Data scarcity is particularly severe within rural regions and understudied sedimentary basins where
hydrogeological information is either unavailable or poorly documented. Many groundwater studies are
short-term investigations conducted primarily for borehole development or environmental impact
assessment purposes, resulting in fragmented datasets with limited regional integration. This limitation
hinders the development of reliable groundwater flow models, aquifer sustainability assessments, and
climate-groundwater interaction studies [49].

Another major gap identified is the limited integration of multidisciplinary groundwater investigation
techniques. Several studies rely exclusively on single-method approaches, such as VES or hydrochemical
analysis, without integrating complementary datasets that could improve subsurface characterization and
the accuracy of groundwater interpretation [61]. Hydrogeophysical studies are often conducted
independently of hydrochemical analysis, remote sensing, or groundwater modeling approaches [40]. This
lack of methodological integration reduces the reliability of aquifer characterization and limits
understanding of groundwater system complexity.

Poor groundwater database development and inadequate data management frameworks also represent
critical technical limitations. Nigeria currently lacks a centralized, comprehensive national groundwater
database that integrates hydrogeological, geophysical, hydrochemical, climatic, and borehole information
across regions [36]. Existing groundwater records are often dispersed across research institutions,
government agencies, consultancy firms, and unpublished reports, making data accessibility and long-term
groundwater planning difficult.

The lack of long-term groundwater monitoring frameworks further limits the sustainability assessment
of groundwater in Nigeria. Continuous monitoring of groundwater recharge, groundwater quality, aquifer
depletion, and saline intrusion processes is essential for effective groundwater management under changing
climatic and environmental conditions [113]. However, most groundwater studies in Nigeria rely on
snapshot datasets collected during short-term field campaigns rather than continuous monitoring programs.

In addition, several reviewed studies lacked uncertainty analysis, sensitivity assessment, and advanced
numerical modeling capable of supporting predictive groundwater management. Groundwater vulnerability
mapping studies frequently depend on simplified weighting approaches without comprehensive validation
procedures. Similarly, many hydrogeophysical investigations lack integrated calibration using borehole
lithology, pumping tests, and hydrochemical evidence.
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There is also limited research on groundwater-climate interactions, groundwater ecosystem services,
managed aquifer recharge, and groundwater governance frameworks in Nigeria. These areas represent
important research frontiers that require greater scientific attention to improve long-term groundwater
sustainability and climate resilience.

4.3. Sustainability Challenges and Water Security Implications

Groundwater sustainability challenges in Nigeria have important implications for national water
security, environmental health, agricultural productivity, and socioeconomic development. Increasing
dependence on groundwater resources combined with rapid urbanization, industrialization, population
growth, and climate variability has intensified pressure on aquifer systems across the country.

One of the major water security risks identified in the reviewed studies is the deterioration of
groundwater quality associated with pollution from industrial discharges, oil exploration activities, waste
disposal, septic systems, agricultural runoff, and saline intrusion [124]. Groundwater contamination
threatens the availability of safe drinking water, particularly within densely populated urban centers and
oil-producing communities. In many parts of the Niger Delta and Lagos coastal regions, saline intrusion
and hydrocarbon contamination have significantly reduced groundwater suitability for domestic
consumption [125].

Groundwater over-abstraction represents another major sustainability challenge, especially within
rapidly urbanizing regions where dependence on private boreholes continues to increase. Excessive
groundwater withdrawal may result in declining groundwater levels, aquifer depletion, land subsidence,
and increased vulnerability to saline intrusion [126]. The absence of effective groundwater abstraction
regulation and monitoring further exacerbates groundwater stress in several urban centers.

Groundwater governance in Nigeria remains relatively weak due to inadequate policy implementation,
fragmented institutional responsibilities, and insufficient hydrogeological data. Existing water resource
management frameworks are often poorly coordinated and lack adequate emphasis on groundwater
sustainability monitoring and regulation [127]. In many regions, uncontrolled borehole drilling occurs
without proper hydrogeological assessment or environmental regulation.

Policy limitations also affect effective groundwater management and sustainability planning.
Groundwater policies are often generalized and lack region-specific approaches to address hydrogeological
variability and local environmental challenges [21]. Furthermore, groundwater sustainability considerations
are often poorly integrated into urban planning, agricultural development, and climate adaptation strategies.

Environmental risks associated with groundwater degradation extend beyond water supply concerns.
Groundwater contamination may affect ecosystem health, agricultural productivity, public health, and long-
term environmental sustainability [128]. Coastal aquifers are particularly vulnerable to climate-induced
sea-level rise and saline intrusion, while northern regions face increasing groundwater stress associated
with drought and reduced recharge [53].

The reviewed studies therefore emphasize the urgent need for sustainable groundwater governance
frameworks integrating scientific monitoring, environmental regulation, climate adaptation strategies, and
community participation. Strengthening groundwater governance is essential for ensuring long-term water
security and environmental sustainability in Nigeria.

4.4. Need for Integrated Hydrogeophysical Approaches

The reviewed studies strongly highlight the importance of integrated hydrogeophysical approaches for
improving groundwater exploration, aquifer characterization, groundwater quality assessment, and
sustainability planning in Nigeria. Single-method investigations often provide limited subsurface
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information and may produce ambiguous interpretations, particularly within complex hydrogeological
environments characterized by lithological heterogeneity and structural variability.

Integrated groundwater investigations that combine geophysical, hydrogeological, hydrochemical, and
geospatial datasets significantly improve the accuracy of aquifer characterization and the effectiveness of
groundwater management. For example, combining VES and ERT investigations with borehole logging,
pumping tests, and hydrochemical analysis enhances understanding of aquifer geometry, groundwater
quality, fracture systems, and saline intrusion processes [129,130].

The integration of GIS and hydrogeophysics has become increasingly important for groundwater potential
mapping, vulnerability assessment, and sustainability evaluation. GIS-based multi-criteria decision analysis
allows integration of thematic layers such as lithology, lineament density, slope, rainfall, drainage density, land
use/land cover, and groundwater quality indicators [18,52,81]. Such integrated frameworks provide more
reliable groundwater assessment outputs compared to isolated hydrogeophysical investigations.

Remote sensing integration further enhances groundwater investigations through satellite-based
environmental monitoring, land use change analysis, recharge estimation, and structural mapping. The
combination of remote sensing, GIS, and hydrogeophysical methods is particularly valuable for regional
groundwater assessment and climate-groundwater interaction studies [80,131].

Sustainability-based groundwater assessment approaches are also increasingly necessary in response
to climate variability, population growth, and environmental degradation. Future groundwater
investigations in Nigeria should therefore prioritize integrated methodologies that simultaneously address
groundwater quantity, quality, vulnerability, recharge dynamics, and sustainability indicators [89].

Integrated hydrogeophysical approaches are particularly important for coastal groundwater systems
where saline intrusion, hydrocarbon contamination, and urban groundwater stress occur simultaneously.
Similarly, Basement Complex terrains require combined structural, hydrogeophysical, and hydrochemical
approaches due to the heterogeneous nature of fractured aquifer systems [59].

Overall, the reviewed literature demonstrates that integrated hydrogeophysical frameworks provide a
more comprehensive basis for sustainable groundwater assessment, groundwater protection, and evidence-
based groundwater governance in Nigeria.

4.5. Future Research Directions

Future groundwater research in Nigeria should increasingly emphasize interdisciplinary and
technology-driven approaches capable of supporting sustainable groundwater management under changing
environmental and climatic conditions. Emerging technologies such as machine learning, artificial
intelligence, cloud-based geospatial analysis, and advanced hydrogeophysical inversion techniques present
important opportunities to improve the accuracy and predictive capability of groundwater assessment.

Artificial intelligence and machine learning approaches may significantly enhance groundwater
potential mapping, contamination prediction, aquifer classification, groundwater recharge estimation, and
hydrochemical modelling [132]. These techniques can integrate large hydrogeological and environmental
datasets while improving spatial prediction accuracy and uncertainty assessment.

Development of a centralized national groundwater database should constitute a major future priority
for groundwater sustainability in Nigeria. Such databases should integrate hydrogeological, geophysical,
hydrochemical, climatic, borehole, and groundwater monitoring datasets from different regions [133]. The
establishment of digital groundwater information systems would greatly improve groundwater accessibility,
policy formulation, environmental monitoring, and water resource planning.

Climate adaptation studies focusing on groundwater resilience, managed aquifer recharge, drought
mitigation, and groundwater-climate interactions are also urgently needed. Future studies should integrate
climate models with groundwater flow simulations to evaluate long-term groundwater sustainability under
future climate scenarios [134,135].
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Coastal vulnerability assessments represent another critical future research area due to increasing sea-
level rise, urbanization, and saline intrusion risks along Nigeria’s coastal regions [136]. Integrated
hydrogeophysical monitoring systems capable of continuously tracking saline intrusion dynamics and
changes in groundwater quality should be developed for vulnerable coastal aquifers [137]. Table 2
highlights the major scientific and management gaps affecting groundwater sustainability in Nigeria and
outlines emerging technologies capable of addressing these challenges.

Table 2. Major Research Gaps, Emerging Technologies, and Future Priorities for Groundwater Sustainability in Nigeria.

Research Gap Current Limitation Suggested Technology/Approach Future Priority
Limited groundwater Fragmented and National digital groundwater National groundwater monitoring
datasets localized studies database framework

. Lack of continuous Automated groundwater monitoring Sustainable groundwater
Poor long-term monitoring

datasets systems management

Limited integrated Reliance on single- Integrated hydrogeophysical . S
. . g . & g YCrogeoply Improved aquifer characterization
investigations method studies approaches
Weak groundwater Limited predictive Predictive groundwater

Al and machine learning techniques

prediction models capability sustainability assessment
Coastal groundwater Increasing salini Real-time hydrogeophysical . .

g” . . & v . yArogeoply Coastal aquifer protection
vulnerability intrusion monitoring

Inadequate climate- Climate-groundwater coupled

Poor climate integration Climate resilience planning

groundwater studies models
Poor groundwater Weak regulation and GIS-based groundwater Sustainable groundwater
governance enforcement management systems governance

Table 2 shows that groundwater research in Nigeria remains constrained by fragmented datasets, weak
monitoring systems, limited integrated investigations, and poor predictive modeling capabilities. Emerging
approaches such as integrated hydrogeophysical methods, artificial intelligence, automated monitoring systems,
and GIS-based groundwater management frameworks (Figure 5) offer significant potential for improving
groundwater assessment and sustainability planning. Furthermore, the increasing vulnerability of coastal
aquifers to saline intrusion and the limited integration of climate factors into groundwater studies emphasize the
urgent need for climate-resilient and technology-driven groundwater management strategies in Nigeria.

Figure 5 highlights the interrelationship between hydrogeological investigations, hydrogeophysics,
hydrochemistry, GIS integration, groundwater monitoring, and policy-driven management strategies. It
emphasizes the importance of interdisciplinary approaches and long-term monitoring for achieving
groundwater sustainability and water security in Nigeria.

Future groundwater studies should also prioritize uncertainty analysis, long-term groundwater
monitoring, groundwater governance assessment, ecosystem-groundwater interactions, and sustainability-
based groundwater management frameworks. Increased collaboration among hydrogeologists,
geophysicists, environmental scientists, climatologists, GIS specialists, policymakers, and water resource
managers will be essential for addressing the multidimensional groundwater challenges facing Nigeria.
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Figure 5. Integrated Conceptual Framework for Sustainable Groundwater Assessment and Management in Nigeria.

5. Conclusions

Groundwater remains one of the most important freshwater resources in Nigeria and plays a vital role
in domestic water supply, agriculture, industrial activities, and environmental sustainability. This review
synthesized existing studies on groundwater systems, aquifer characterization, hydrogeophysical
investigations, groundwater quality, and sustainability challenges across different hydrogeological
environments in Nigeria. The findings revealed significant hydrogeological variability associated with
Basement Complex terrains, sedimentary basins, Coastal Plain Sands, and alluvial aquifers, resulting in
differences in groundwater occurrence, recharge, productivity, and quality. Sedimentary formations such
as the Niger Delta, Chad Basin, and Sokoto Basin generally exhibit high groundwater potential, whereas
groundwater occurrence within Basement Complex regions is strongly controlled by weathering thickness
and fracture systems.

The review further demonstrated that electrical resistivity techniques, particularly VES and ERT,
remain the dominant methods for groundwater exploration and aquifer characterization in Nigeria.
However, recent advances involving GIS integration, remote sensing, hydrochemical analysis, pumping
tests, and machine learning approaches indicate a gradual transition toward more integrated and technology-
driven groundwater assessment frameworks. Despite these developments, groundwater sustainability in
Nigeria continues to face major environmental and anthropogenic pressures, including groundwater
pollution, saline intrusion, excessive abstraction, oil-related contamination, and climate variability. Coastal
aquifers within the Niger Delta, Lagos, and Akwa Ibom regions were identified as particularly vulnerable
to seawater intrusion and hydrocarbon contamination.

The study emphasizes the urgent need for sustainable groundwater governance, integrated
hydrogeophysical investigations, and long-term groundwater monitoring systems. The development of a
centralized national groundwater database and the adoption of climate-resilient groundwater management



J. Watershed Ecol. 2026, 1(2), 10014. doi:10.70322/jwe.2026.10014 22 of 29

strategies are essential for improving water security and environmental sustainability in Nigeria. Future
research should prioritize interdisciplinary approaches integrating hydrogeophysics, hydrochemistry, GIS,
remote sensing, groundwater modeling, and artificial intelligence to support evidence-based groundwater
management and sustainable development. Future studies should also incorporate bibliometric and
scientometric analyses, including keyword co-occurrence mapping and research trend visualization, to
better identify emerging research themes, knowledge gaps, and collaborative networks within groundwater
research in Nigeria.
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