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Abstract
Groundwater prospects and vulnerability mapping to vertical contamination, utilizing multi-criteria evaluation techniques 
and analytical hierarchy process were carried out within five geologic units in Ita-Ogbolu, southwestern Nigeria, compris-
ing older granite (OGu), migmatite (M), charnockite (Ch), medium to coarse grained biotite granite (OGe), and coarse to 
porphyritic biotite hornblende granite (OGp). Seventy one electrical soundings involving Schlumberger array with 65 m 
electrode spread; in-situ (hydraulic) pumping tests; and hydrogeological parameter measurements from fifty one wells were 
used to acquire the hydrogeological data. The vulnerability evaluation was done using geoelectrical parameters obtained 
from longitudinal conductance (LC); and the aquifer vulnerability index (AVI), while the groundwater potential index 
value modeling (GWPIV) was used develop the groundwater potential map. All parameters measured were weighted, rated 
and assessed according to their significance to groundwater accumulation. The major aquifer unit was the weathered layer, 
having a 301 Ω m average resistivity, thickness of 14.1 m, 0.67 m/d hydraulic conductivity (K), and 9.82  m2/d transmissiv-
ity. The average depth of the overburden is 19.6 m, which is a moderate depth for groundwater accumulation. In addition, 
weak positive coefficients model between K and formation factor were found for all rock units. The relationship or cor-
relation model of hydraulic conductivity (K) and formation factor (Fm) gives OGp (0.6005e−0.018x), M (0.4601e0.0695x), Ch 
(0.0838e−0.0673x), OGu (1.1623e−0.091x), and OGe (0.5937e0.0578x). The relationship shows weak positive (< 0.5) for all the 
rock units. The obtained GWPIV varied from 2.80 to 7.73, with an average of 5.04 suggesting moderate potential; with the 
potential decreasing in the following order: OGu–OGe–M–OGp–Ch. The calculated AVI model values range from 0.23 to 
1.74, with an average of 1.22 indicating extremely vulnerable aquifer to vertical contamination; likewise the vadose zone 
thickness (6.41 m avg.), and LC (0.1470 mhos avg.) all points to lack of protective capability.

Keywords Ita Ogbolu · Formation factor · Geoelectrical parameters · Geologic units · Hydraulic properties

Introduction

Groundwater, because of its natural microbiological quality 
and overall physicochemical quality, is frequently recom-
mended for drinking and domestic uses (Zhu and Ierland 
2012), since surface water is affected by different geological 
factors than groundwater. Hence there is increase demand for 
understanding of groundwater movement, occurrence, qual-
ity, and availability, to match-up the increase of agricultural, 

industrial, and municipal development (Osgrove and Loucks 
2015; Hamidu et  al. 2016). Water is a valuable natural 
resource, and its development ensures the continuation of 
life and global civilization. An average human requires three 
(3) liters of drinkable water per day to maintain necessary 
body fluids for regular body metabolism, and larger amounts 
are required for energy (thermoelectric power plant cooling, 
hydroelectric power generation) and food production via irri-
gation (Delleur 1999; Cox et al. 1996). In the formation of 
storm and snowmelt runoff in streams, groundwater plays a 
far more active, responsive, and substantial role. Ground-
water dominates the runoff hydrographs in many basins, 
except for the most intense rain storms and the most prolific 
melting days, according to basin-wide tracer experiments 
using environmental isotopes (18O, deuterium, tritium) and 
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hydrometric studies carried out in hydrogeologically diverse 
watersheds (Hiscock 2005).

However, as a result of urbanization, increasing water 
supply has become a common goal and priority of all nations 
in order to continue irreversible economic growth and 
increase per capita water consumption for home, munici-
pal, irrigation, and industrial uses (Bayewu et al. 2017; Ola-
tokunbo-Ojo and Akintorinwa 2007). Meanwhile, ground-
water availability, movement, and chemistry are influenced 
by topography, physiography, drainage basin, surficial geol-
ogy, and vegetation, as well as the interrelationship with 
precipitation; physical and chemical disintegration/decom-
position processes resulting in cracks, fractures, and joints, 
which form voids/void spaces; and sediment accumulation 
(Freeze and Cherry 1979; Fetter 2007; Brassington 1988). 
As a result, in groundwater evaluation and development, the 
composition of sediments, fissures, fractures, cracks, and 
pore spaces in earth materials is critical; likewise porosity, 
hydraulic conductivity, and hydraulic gradient. As signifi-
cant as these characteristics are in groundwater study, they 
indicate the type of aquifer/water bearing unit productive-
ness (Logan 1964; Bouwer 1978; Chaanda and Alaminio-
kuma 2020; Heigold et al. 1979).

The characteristics of the overburden or weathered layer, 
as well as cracks, are the key hydrogeological components 
of Nigeria's crystalline basement complex (Adepelumi et al. 
2013; Aina et al. 2019; Akinrinade and Adesina 2016; Ala-
miniokuma and Chaanda 2020). The overburden is primarily 
the product of weathering or chemically precipitated mate-
rials (formed by compaction process, removal/addition of 
materials, mineral replacement or change in mineral phases). 
Lithological factors, which are primarily determined by the 
composition, texture, and sequence of rock types; and struc-
tural factors, which include faults and folds that disrupt the 
continuity or uniformity of occurrence of a rock type or 
sequence of rock types, are examples of geologic factors 
that act as controls on surface water phenomena (Bawallah 
et al. 2019; Bayewu et al. 2018). Structures such as beds and 
joints can have a significant impact on water circulation and 
drainage pattern formation. These elements, in combination 
with hydroclimatic processes, govern soil and topographic 
development, which has a significant impact on water dis-
tribution and movement (Schwartz and Zhang 2003; Walton 
1991).

An aquifer in a lithologic unit is the one that has a 
significantly higher transmissibility, holds and transmits 
water that can be recovered in economically useful quan-
tities (De Marsily 1986; Agyemang 2021; Kosinski and 
Kelly 1981; Aina et al. 2019). Aquicludes, or confining 
beds, are low-permeability lithologic strata that surround 
the aquifer. Aquitards are limiting beds that allow amounts 
of water to flow through them. A geohydrologic unit is an 
aquifer or a mixture of aquifers and confining beds that 

form the foundation for a relatively distinct hydraulic 
system (Assaad et al. 2004; Chenini et al. 2015). Con-
sequently, for an aquifer to be adjudged prolific, it must 
have undergone aquifer potential assessment or mapping. 
Groundwater potential mapping is a method of using the 
surface and sub-surface symptomatic scientific parameters 
for determining the prolificacy of the aquifer zones in an 
area by quantitative and qualitative assessment (Adebo 
et al. 2008, Ilugbo et al. 2019; Chaanda and Alaminio-
kuma 2020; Bayewu et al. 2018).

The sequence, lithology, thickness, and structure of 
rock formations have an impact on groundwater occur-
rence, transport, and storage, while permeability and 
porosity are the primary determinants of movement and 
storage capacity (Singhal and Niwas 1981).

More than any other electrical approach, electrical resis-
tivity has been used in groundwater studies (Adebo et al. 
2022; Bisson and Lehr 2004; Delleur 1999; Zohdy et al. 
1974; Ramanuja 2012). Electrical resistivity is a measure-
ment of a medium’s or materials’ capacity to conduct cur-
rent. It’s a physical attribute that's measured in ohm-m. The 
electrical geophysical survey identifies aquifer units and 
determines geoelectric properties of formations; and depth 
and lateral extent (Loke 1997; Burger 1992). Depending 
on the field design, the procedure entails introducing time-
varying direct current or very low frequency current into 
the subsurface between potential electrodes. Current travels 
from the positive current electrode to the negative current 
electrode in a two-electrode system, forming equipotential 
surfaces and orthogonal current flow lines (Telford et al. 
1976). As the distance between the electrodes is increased, 
the percentage of current flowing at depth increases, and 
the subsurface resistivity is measured as voltage or poten-
tial (V) using a resistivity meter. This measurement is used 
to calculate resistivity using the supplied current (I) and a 
geometric factor (K) that is a function of electrode layout, 
as indicated in Eq. 1.

The Wenner and Schlumberger arrays are the commonly 
used electrode configuration (Abdullahi et al. 2015; Ada-
gunodo et al. 2018). In Wenner array, the electrode spacing 
is fixed value and the apparent resistivity of the subsur-
face is computed using Eq. 2, while in the Schlumberger 
array the spacing between the potential electrodes is much 
smaller than the spacing between the current electrodes 
(Telford et al. 1976; Andreatta et al. 2016; Olatokunbo-
Ojo and Akintorinwa 2016).

(1)� =
ΔV

I
K.

(2)� =
ΔV

I
2�a.
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Electrical conduction can also be utilized to map sub-
surface structure and stratigraphy and infer lithology infor-
mation in addition to deducing hydrogeological param-
eters (Olayinka and Oladunjoye 2013). In fluids, electrical 
conduction occurs most commonly in linked pore spaces, 
grain boundaries, and fractures. Porosity, moisture con-
tent, texture, the presence of clay minerals, and the resis-
tivity of the pore fluid all affect electrical resistivity/
conductivity; while all of these factors lower resistivity, 
higher soil salinity, moisture content, clay content, and 
grain size decrease resistivity (Robinson and Coruh 1988). 
An increase in porosity, increased fractures, and intense 
weathering all lower resistivity in a water-filled geologi-
cal formation.

Aquifer vulnerability assessment is a pragmatic technique 
of defining the susceptibility of groundwater to contamina-
tion (Connell and Daale 2003), based on a number of physi-
cal considerations that control the movement of pollutants 
through the vadose zone to the water table (Olojoku et al. 
2017; Brindha and Elango 2015). The objective of vulner-
ability mapping is to identify the most vulnerable zones of 
catchment areas and to provide criteria for protecting the 
groundwater used for drinking water supply (Doerfliger et al. 
1999). Intrinsic vulnerability is evaluated and mapped based 
on the hydrogeological properties of the aquifer system and 
is independent of the nature of pollutant (Van Stempvoort 
et al. 1993a, b; Civita and Maio 2000; Zwahlen 2004). The 
aquifer system subsequently can be protected by the over-
lying earth layers (often regarded as the protecting layers) 
depending on their permeabilities, hydraulic conductivities 
and thicknesses. Aquifer protectivity in this case is the abil-
ity of the aquifer overburden layers to act as natural barriers 
to filter percolating surface contaminated fluid There have 
been many models developed for the assessment of ground-
water contamination studies, which include statistical, over-
lay and index methods (Brindha and Elango 2015; Chenini 
et al. 2015; Vias et al. 2006; Zwahlen 2004; Daly and Drew 
1999; Foster 1987; Foster and Hirata 1998; Civita and Maio 
2000; Aller et al. 1987; Adewumi et al. 2016); and each 
model is unique in the sense that it is applicable to a particu-
lar type of geoenvironmental conditions e.g. GOD (Foster 
1987), IRISH (Daly and Drew 1999), AVI (Van Stempvoort 
et al. 1993a, b), DRASTIC for the USA (Aller et al. 1987), 
SINTACS which is modified DRASTIC for Mediterranean 
condition (Civita, and Maio 2000), COP (Vias et. al. 2006), 
EPIK for Karst region (Doerfliger et al. 1999). No vulnera-
bility assessment model is generic enough which can cater to 
the needs of all kinds of geological environments (Olojoku 
et al. 2017; Daly and Drew 1999). However for this study, 
the susceptibility index utilizing longitudinal unit conduct-
ance was used, due to simplicity, rapidity, with parameters 
from derived electrical resistivity.

The groundwater modeling using groundwater poten-
tial index value (GWPIV) has been playing significant 
role in sustainable water resource management (Mogaji 
2016; Ariff et al. 2008; Oyedele 2019; Pietersen 2006). 
It includes data mining and classification or zonation of 
aquifers properties (Adebiyi et al. 2018; Adiat et al. 2013; 
Adebo et al. 2018). The data used in GWPIV modeling 
can emanate from geophysical, geological, hydrogeologi-
cal and Geographic Information System (GIS) data which 
provides adequate information in delineating groundwa-
ter potential zone (Ilugbo et al. 2018; Epuh et al. 2020; 
Adiat et al. 2012). Modeling is an attempt to reproduce the 
behavior of groundwater or hydrologic system by defining 
the essential features of the system using some controlled 
physical or mathematical manner (Mogaji 2016; Adiat 
et al. 2013). Modeling plays an extremely important role 
in the management of hydrologic and groundwater system. 
Moreover, in recent years, the use of the geographic infor-
mation system (GIS) has grown rapidly in groundwater 
studies and management.

The hydrogeological study of water bearing units in 
Itaogbolu was carried out to determine their potential and 
the vadose zone’s protective capabilities. The study's moti-
vation was sparked by the town's lack of or insufficient water 
supply. Furthermore, most boreholes are dug without first 
conducting a hydrogeophysical research, resulting in low 
yield/failed boreholes. The town's population has grown by 
about 50% in the last decade, putting a strain on the existing 
water supply infrastructure provided by the state govern-
ment, while individually drilled water wells are insufficient 
to fulfill daily family demand. As a result, it became neces-
sary to supplement the existing water supply by first con-
ducting hydrogeological research in the area (Alam et al. 
2012; Alfonsina and Chaanda 2020; Bedient et al. 1994), for 
sustainable use of the resource, by using electrical resistiv-
ity, hydraulic property through pumping test (Kruseman and 
de Ridder 1994; Bear 1979), longitudinal unit conductance, 
hydrogeological parameters and AVI (Stempvoort et al. 
1993a, b). Because groundwater is thought to be naturally 
protected vis-a-vis vadose layer (Olayinka and Oladunjoye 
2013), relatively minor treatment is necessary (EPA 1977; 
Driscoll 1986). However, the vadose’s total protective capac-
ity is determined by its hydraulic property, the composi-
tion of the material, and its bonding (Birsoy and Summer 
1980; Ndatuwong and Yadav 2014). To logically preserve, 
regulate, or sustain groundwater depletion, large volumes of 
resource data are required. The majority of difficulties with 
water wells/boreholes are caused by a lack of planning, or a 
lack of data and understanding when preparing for or man-
aging the resource. Hydrogeologic data is one type of envi-
ronmental data that can be quite useful in resource planning 
and management. Unfortunately, many engineers and well/
borehole developers are unaware of it or use it infrequently, 
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and its importance and usefulness are often overlooked. If 
any inferences about the groundwater regime are made at 
all, they are typically incorrect and unjustified, and crucial 
planning and management decisions are frequently based 
on assumptions.

Location and physiography

Ita Ogbolu is the administrative center of Ondo State’s 
Akure North Local Area, located between 747,400  m 
and 749,400 m East and 813,500 m and 817,000 m North 
(Fig. 1). It may be reached via Igoba on the Akure-Ado-Ikere 
Ekiti Highway. It is bordered on the north by Ikere and on 
the west by Ijare.

The climate is equatorial belt, with the rainy season 
from March to October. The geography of Ita-Ogbolu is 
undulating/rugged, with elevations ranging from 437 to 
496 m (Fig. 2). The average yearly temperature ranges 
from 25 °C in July to 32 °C in February, with a mean of 
26 °C (Iloeje 1981; NIMET 2012). The research area's 
average annual rainfall and temperature are 1500 mm and 
27 °C, respectively, with 250–500 mm in the dry season 

(Iloeje 1981). 830 mm, 60 percent, and 290 mm, respec-
tively, represent the runoff, runoff coefficient, and pro-
jected groundwater contribution to recharge. As a result of 
the study area's nature (highly and steeply rocky terrain) 
and modest cultivation, runoff in the study area would be 
high.

The steep topography enhances drainage, although the 
amount of runoff that contributes to groundwater recharge is 
minimal (Delleur 1999). People in the study area are public 
servants (such as teachers and local government employ-
ees) and farmers who engage in trading activities by sell-
ing their farm produce both within and outside the town. 
Many streams that are tributaries of the Ogbeese and Oda 
rivers drain the area. During the rainy season, these rivers 
and their tributaries provide the town with water. However, 
these water sources in the area are insufficient to support 
the needs of the inhabitants. The area's principal hydro-
geological units are the weathered basement and jointed/
fractured basement aquifers. In the tropical environment, 
high rainfall intensity/frequency and extent result in deep/
high weathering processes, resulting in overburden with dif-
ferent degrees of porosity and permeability. The potential 
water bearing rocks in this unit with fractured aquifers (with 

Fig. 1  Location map of Ondo 
State showing the study area. 
Inset: Map of Africa
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obvious discontinuity) are capable of producing a reasonable 
volume of water for household, agricultural, municipal, and 
industrial uses.

The research region lies in southwestern Nigeria's Base-
ment Complex, which has been widely investigated (Obaje 
2009). The 600 Ma Pan-African orogeny impacted the Nige-
rian basement (Fig. 3), which now occupies the reactivated 
zone created by plate collision between the West African 
craton’s passive continental margin and the active Pharusian 
continental margin (Obaje 2009). At least four major oro-
genic cycles of deformation, metamorphism, and remobili-
zation are thought to have produced the basement rocks, cor-
responding to the Liberian (2700 Ma), Eburnean (2000 Ma), 
Kibaran (1100 Ma), and Pan-African cycles (600 Ma). The 
first three cycles were marked by substantial deformation 
and isoclinal folding, which was followed by regional meta-
morphism and then extensive migmatization.

In the Nigerian basement and study region, the Migma-
tite—Gneiss Complex is the most common of the compo-
nent units. Migmatites, orthogneisses, paragneisses, and a 
sequence of basic and ultrabasic metamorphosed rocks make 
up the diverse assemblage. Many of the constituent minerals 
of the Migmatite—Gneiss Complex were recrystallized by 
partial melting during Pan-African reworking, according to 
petrographic data, with the bulk of rock types demonstrating 
medium to higher amphibolite facies metamorphism. The 

ages of the Migmatite—Gneiss Complex range from Pan-
African to Eburnean.

Migmatite (M); charnockite (Ch); older granite (OGu); 
fine to medium grained biotite—muscovite granite (OGf); 
and coarse to porphyritic biotite—hornblende granite (OGf) 
are the principal lithologic units found in the area (Fig. 3). 
(OGp). Early gneiss, mafic and ultramafic bands, and gra-
nitic or felsic components make up the migmatite-gneiss. 
These are the most common rock types found in the research 
region. Quartz, alkali feldspars, plagioclase, orthopyroxene, 
clinopyroxene, hornblende, biotite, and a little quantity of 
opaque mineral apatite, zircon, and allanite make up the 
charnockitic rocks that occur in conjunction with earlier 
granite (under hand lens).

The rocks are foliated with main minerals of biotite, 
quartz and feldspar. The granite and granite gneiss, char-
nockite are weakly foliated. The gneissic portion of the mig-
matite in the area has well developed banding of leucocratic/
melanocratic minerals.

Data and methodology

Electrical geophysical survey, pumping test, and groundwa-
ter static water level measurement were used in this study, 
Fig.  4 depicts the data acquisition map. The electrical 

Fig. 2  Surface elevation map of 
the study area
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resistivity method can be used to determine aquifer borders, 
stratigraphy, and faults, as well as to estimate hydrogeologi-
cal parameters, demarcate contaminated areas, and deter-
mine the extent or degree of water intrusion.

The area was initially geologically surveyed, with impor-
tant units being noted. Following that, the area was gridded 
into separate units with the use of a global positioning sys-
tem (GPS). The GPS was also utilized to record the location 
of the wells, boreholes, and geophysical survey in precise 
detail. Vertical electrical sounding was used in the electrical 
resistivity geophysical investigation (VES). The electrical 
resistivity of soil and rock materials is a fundamental elec-
trical attribute that is intimately related to their lithology 
(Agyemang 2021; Telford et al. 1976).

The VES was used in this study, while detailed descrip-
tion of this method is available in Ramanuja (2012), Poon-
gothai and Sridhar (2017), Umar and Igwe (2019), Bayewu 
et al. (2018), Using an Ohmega resistivity meter, the VES 
acquired resistivity data using the Schlumberger array with 
a maximum electrode separation or current spread of 250 m. 
The electrode array and spread that were used were critical 
in acquiring correct subsurface geological data. The VES 
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data were displayed as depth sounding curves, and the par-
tial curve matching approach was used to quantitatively eval-
uate the data (Loke 1997; Aina et al. 2019). The resulting 
field resistance data was multiplied by the geometric factor 
to get apparent resistivity values. After that, the data was 
plotted on a bi-logarithm graph sheet against half electrode 
spacing. Then, utilizing resist software, they were subjected 
to partial curve matching and computer iterative modeling 
(1-D forward modeling) (Zohdy 1974; Markus et al. 2018). 
The resistivity readings were interpreted using the method 
of Idornigie et al. (2006), which is displayed in Table 1, with 
minor modifications depending on the geology of the area 
and previous experience. The VES stations were chosen 
based on geology, terrain/topography, the presence of exist-
ing water wells/boreholes, and accessibility.

The nature and thickness of the overburden, fracture con-
trast, reflection coefficient, formation factor, traverse resist-
ance, hydraulic conductivity, transmissivity, and geology 
were all combined to create a groundwater potential map 
for the area (Bayewu et al. 2018; Robinson and Coruh 1988). 
The best groundwater yield is frequently found where the 
cracked basement underlies rather thick overburden (Ola-
dapo and Akintorinwa 2007). Equation 3 was used to get the 
reflection coefficient.

where r is reflection coefficient,  �n is the layer resistivity of 
the nth layer and �(n − 1) is the layer resistivity overlying the 
nth layer. The fracture contrast was calculated using Eq. 4.

The traverse resistance was calculated using Eq. 5:

where T is traverse resistance, � and h are resistivity and 
thickness of the nth layer respectively.

The vadose zone/overburden material's vulnerability or 
protective capacity to pollution/contamination was deter-
mined using the longitudinal conductance and aquifer 

(3)r =

(

�n − �

)

(n − 1)

�n + �(n − 1)
,

(4)Fc =
�n

�n − 1
,

(5)T =

n
∑

i=1

�ihi,

vulnerability index (AVI). Texture, structure, thickness 
organic carbon content, clay mineral content, permeability, 
geology and other hydrogeologic intrinsic qualities are all 
reflected in these methods (Stempvoort et al. 1993a, b; Foca-
zio et al. 2002; Obiora et al. 2016). Using the geoelectrical 
parameters, the longitudinal unit conductance (Eq. 6) was 
utilized to predict the water's contamination susceptibility 
(Bhattacharya and Patra 1968; Loke 1997).

where LC is longitudinal conductance,  hi and  �i are the 
thickness and resistivity of nth layer, respectively. The AVI 
method measures hydraulic resistance (c) to vertical flow 
(Kruseman and de Ridder 1994; Stempvoort et al. 1993a, b) 
using the thickness of the water bearing units and hydraulic 
conductivity as shown in Eq. 7.

for layers 1 to i. The interpretation of “c” was done using 
Table 2. In addition, data were gathered from existing bore-
holes, including two government-drilled boreholes and fifty 
(50) water wells. The static water level was calculated using 
these wells. Some of the VES (i.e. 15) were located or con-
ducted in these well locations for the purpose of correlation.

Pumping tests were conducted in all fifteen existing wells 
in the area, which span five different geological units: char-
nockite, older granite, migmatite, fine to medium biotite 
granite, and coarse to porphyritic biotite-hornblende. The 
pumping test was carried out with a 1-horsepower submers-
ible pump, and the time it took to fill a reservoir tank with 
2000 L was recorded, taking into account the drawdown 
(Birsoy and Summer 1980; Brassington, 1988). Depend-
ing on the yield/response to abstraction, the pumping time/
period ranged from 2 to 6 h (Matthess 1982; Mazac et al. 
1990). Using mathematical equations, the results of this test 
were utilized to calculate hydraulic conductivity and trans-
missivity (Eq. 8):

(6)LC =

n
∑

i

hi

�i

,

(7)c =
∑

di∕Ki,

(8)T = Kh,

Table 1  Lithological interpretation from apparent resistivity data

Apparent resistivity range (ohm-m) Lithology

Less than 100 Clay
100–300 Sandy clay
300–750 Clayey sand
Above 750 Sand/Laterite/Bedrock

Table 2  Relationship of hydraulic resistance (c) and aquifer vulner-
ability index

Hydraulic resistance (c) Log (c) Vulnerability

0–10  < 1 Extremely high
10–100 1–2 High
100–1,000 2–3 Moderate
1000–10,000 3–4 Low
 > 10,000  > 4 Extremely low
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where T is transmissivity, K is hydraulic conductivity, and 
h is thickness of the water bearing unit. For each of the 
geological units in the area, the Formation factor (Fm) was 
calculated. The Fm takes into account all of the material's 
qualities that influence electrical current flow, such as diage-
netic cementation, pore geometry, and porosity (Mazac et al. 
1985). The obtained Fm was correlated (r2) with hydraulic 
conductivity in this investigation (Mazac et al. 1985). Equa-
tion 9 was used to calculate the Formation factor. The con-
ductivity (in mhos) of the water at the site was first measured 
and converted to ohm-m using a conductivity meter. The 
hydraulic conductivity of aquifers with no well/borehole 
data was computed using the average Fm derived for each 
of these geological units. Since a regression expression was 
built between the two; for each of the formations, transmis-
sivity was estimated as well.

The hydrogeological investigation includes static water 
level and hydraulic head determination from fifty one (51) 
non flowing wells across all geological units in the area, 
using steel tape with lower end marked with carpenter’s 
chalk. The measurement was taken twice, while the average 
values were recorded.

Results and discussion

Geoelectric characteristics and water bearing unit 
delineation

The overview of the geoelectric characteristics collected for 
the research area is shown in Table 3 and Fig. 5. The VES 
data revealed seven (07) different types of curves, ranging 
from three geoelectric layers [A (16.9%), H (18.3%), and 
K (8.5%)] to four layers [QH (1.4%), HK (1.4%), and KH 
(52.1%)] to five layers [HKH (1.4%)]. The KH curve has the 
highest percentage of VES curves, accounting for 52% of all 
VES curves. Due to the variability of subsurface composi-
tion, the variety of curve types obtained is identical with 
lateral and vertical facies alteration (Idornigie et al. 2006). 
The interpretation of the curves implies that the weathered 
layer is the dominant hydrogeological unit in the area. Fur-
thermore, the existence of an A-curve type could indicate a 
shallow bedrock depth in some places. Topsoil resistivity in 
the area ranges from 37 to 2363 Ω m, with an average (avg.) 
of 207 Ω-m. The topsoil is between 0.5 and 4.9 m thick (avg. 
of 1.6 m). Clay, sandy clay, clayey sand, and sand make up 
the topsoil.

A layer of sandy clay/clayey sand/sand lies beneath the 
topsoil, with resistivity ranging from 96 to 3561 Ω m (avg. 

(9)Fm =
average aquifer water resistivity

resistivity of water at site
.

1060 Ω m) and thickness ranging from 1.2 to 21.2 m. (avg. 
of 6.0 m). This layer is unique to curve types KH, QH, 
and HK. The resistivity of the weathered layer that makes 
up the principal water bearing unit (Fig. 6) ranges from 
38 to 2232 Ω m (avg. of 301 Ω m) signifying a clayey 
sand weathered layer, with possibility of limited storage 
and supply capacity (Matthess 1982; Schwartz and Zhang 
2003). The thickness varies between 1.0 and 33.3 m (avg. 
14.1 m), indicating a reasonably thick water holding layer. 
The weathered layer can be found at depths ranging from 
0.5 to 21.2 m. The weathered layer’s iso-resistivity map 
(Fig. 6b) revealed a prominent resistivity in the 100–300 
Ω m range, corresponding to a sandy clay water bearing 
unit, whereas resistivity above 700 Ω m (sand aquifer) was 
observed in the migmatite/older granite environment in 
the southern part. The isopach map of the weathered layer 
(Fig. 6a) likewise shows that the southern regions have 
thin thickness, whereas the northern parts have thickness 
in the range of 10–30 m. On the southwestern flank, a tiny 
thickness—closure of more than 30 m has been identi-
fied. Under VES 32, a confined basement aquifer with a 
resistivity of 226 Ω m and a thickness of 23.1 m was iden-
tified. In the meantime, the depth of this layer is 39.3 m. 
The partly fractured/basement rock has a resistivity of 101 
to 9652 Ω m, and the basement depth ranges from 2.1 to 
47.5 m. (avg. of 20 m). The resistivity of pore water varies 
from 25.58 to 71.94 Ω m (49.37 Ω m avg.)

The overburden thickness of all VES curves ranges from 
2.1 to 47.5 m (Fig. 7), with an average of 19.6 m. Overbur-
den thicknesses of 4.7–27.3 m (13.7 m avg.), 5.2–11.0 m 
(8.1 m avg.), 2.1–27.8 m (9.8 m avg.), 8.2–47.5 m (23.6 m 
avg.), 4.0–44.1 m (25.8 m avg.) and 4.0–44.1 m (25.8 m avg.) 
were obtained for Ch, OGu, M, OGe, and OGp respectively. 
The high OGp values could be related to colored (melano-
cratic) minerals' high vulnerability to weathering and ero-
sion, resulting in clayey products. In reality, the presence of 
a thick aquiferous geologic unit does not imply a high water 
yield, as essential parameters such as resistivity, hydraulic 
gradient, sorption, hydraulic conductivity, transmissivity, 
and so on still play a role.

Table 4 shows that the traverse resistance (TR) ranges 
from 214.5 to 30,307.7 Ω  m2 (avg. 7668.5 Ω  m2). Aqui-
fer transmissivity and traverse resistance can be corre-
lated (Asaad et al. 2004). Transmissivity increases as the 
TR increases. The average values found for different geo-
logic units in the area: charnockite, older granite, mig-
matite, biotite granite, biotite—hornblende granite are 
9492.78 Ω  m2, 2076.45 Ω  m2, 3650.64 Ω  m2, 11,836.04 
Ω  m2, and 7638.46 Ω  m2; with biotite -granite having the 
highest value. The fracture coefficient (Fc) for charnock-
ite (0.41–42.04; 10.87 avg.), granite (4.34–8.12; 6.23 
avg.), migmatite (0.25–123.23; 23.73 avg.), biotite gran-
ite (0.3–96.11; 23.42 avg.) and biotite-hornblende granite 
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Table 3  Summary of geoelectrical (VES) parameters

North East Elevation (m) VES
NO

Resistivity (Ohmns-meter) Thickness (m) Depth (m) Curve Type

�
1

�
2

�
3

�
4

�
5

h
1

h
2

h
3

h
4

d
1

d
2

d
3

d
4

748,146 813,689 365 1 98 301 1502 1.2 3.5 1.2 4.7 H
748,257 813,752 367 2 298 967 55 2312 1.5 10.5 7.9 1.5 12 19.6 KH
748,341 813,989 365 3 45 247 1245 1.2 5.5 1.2 6.7 H
748,382 814,178 366 4 125 1365 2548 2.5 7.8 2.5 10.3 A
748,324 814,379 369 5 189 412 1787 1.5 3.7 1.5 5.2 A
748,274 814,397 366 6 70 220 1787 0.5 10.5 0.5 11 A
748,788 814,482 365 7 110 558 3652 1.1 1.0 1.1 2.1 A
748,926 814,182 365 8 89 885 4254 1.9 2.1 1.9 4 A
748,946 813,846 364 9 458 897 225 1.5 15 1.5 16.5 K
748,734 814,334 366 10 215 875 48 2312 1.5 12.4 13.8 1.5 13.9 27.7 KH
748,543 814,420 365 11 109 558 1210 1.9 4.9 1.9 6.8 A
748,563 814,500 362 12 215 42 2545 0.9 5.7 0.9 6.6 H
748,721 814,559 368 13 99 2232 5468 1.2 2.5 1.2 3.7 A
748,708 814,679 367 14 50 189 3104 1.9 1.0 1.9 2.9 A
748,798 814,576 365 15 98 887 59 2025 0.5 1.2 2.3 0.5 1.7 4 KH
748,755 814,693 366 16 55 152 2035 0.9 5.6 0.9 6.5 A
748,674 814,787 358 17 166 745 287 5236 1.1 4.9 7.3 1.1 6 13.3 KH
748,566 814,809 359 18 172 90 1045 1.1 2.5 1.1 3.6 H
748,469 814,773 360 19 458 125 1238 1.5 3.3 1.5 4.8 H
748,553 814,756 364 20 98 44 5422 0.9 5.9 0.9 6.8 H
748,472 814,863 363 21 115 502 3222 2.9 7.9 2.9 10.8 H
748,476 814,962 362 22 87 42 1327 1.6 5.9 1.6 7.5 H
748,412 815,083 366 23 148 920 3887 1.3 4.5 1.3 5.8 A
748,365 815,248 364 24 285 392 998 3.6 20.8 3.6 24.4 A
748,318 815,405 362 25 68 302 85 4580 1.5 3.9 22.4 1.5 5.4 27.8 KH
748,284 815,357 360 26 551 910 110 2249 1.8 10.2 19.5 1.8 12 31.5 KH
748,274 815,602 367 27 114 305 203 489 0.9 1.6 10.2 0.9 2.5 12.7 KH
747,995 815,248 365 28 174 888 362 1.9 25.4 1.9 27.3 K
748,062 815,338 355 29 188 813 312 1.9 21.2 1.9 23.1 K
748,143 815,419 354 30 222 96 854 258 0.8 3.2 4.2 0.8 4 8.2 HK
748,149 815,799 359 31 55 290 102 2111 1.8 1.5 18.6 1.8 3.3 21.9 KH
748,049 814,966 358 32 350 185 1875 226 3255 1.1 2.9 12.2 23.1 1.1 4 16.2 39.3 HKH
748,157 814,939 356 33 186 843 302 2259 1.1 3.6 19.7 1.1 4.7 24.4 KH
748,261 815,024 355 34 159 374 86 668 1.9 2.4 8.9 1.9 4.3 13.2 KH
748,355 815,073 355 35 303 999 55 1113 2.3 12.6 17.3 2.3 14.9 32.2 KH
748,358 814,868 356 36 405 991 112 2531 0.9 8.6 17.8 0.9 9.5 27.3 KH
748,062 814,831 358 37 224 2587 47 1236 1.6 3.8 15.3 1.6 5.4 20.7 KH
748,096 814,755 359 38 2363 1212 66 2303 2.5 18.7 26.3 2.5 21.2 47.5 QH
748,452 815,764 357 39 195 2637 126 3303 4.6 3.9 22.2 4.6 8.5 30.7 KH
748,808 815,683 356 40 147 3561 144 3362 4.9 3.8 19.9 4.9 8.7 28.6 KH

East North Elevation (m) VES
NO

Resistivity (Ohmns-meter) Thickness (m) Depth (m) Curve Type

�
1

�
2

�
3

�
4

�
5

h
1

h
2

h
3

h
4

d
1

d
2

d
3

d
4

748,828 816,117 354 41 151 1005 38 3652 1.2 7.9 8.2 1.2 9.1 17.3 KH
748,610 816,243 352 42 158 1488 265 2105 1.9 7.4 9.7 1.9 9.3 19 KH
748,741 816,583 356 43 89 1145 69 3647 1.1 6.7 18.0 1.1 7.8 25.8 KH
748,039 815,477 355 44 155 1063 88 899 1.2 3.9 19.3 1.2 5.1 24.4 KH
748,042 815,606 354 45 78 277 95 2212 1.1 14.3 19.1 1.1 15.4 34.5 KH
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(0.21–213.51; 30.12 avg.) The reflection coefficient (Rc) is 
also linked to groundwater yield, as a low Rc indicates a 

high-density water-filled fracture with a high yield/potential 
(Olayinka and Oladunjoye 2013).

Table 4 shows the Rc values obtained which vary from 
−  0.65 to 0.99. (0.69 avg.). The groundwater potential 
appears to be high based on Table 5 rating and overbur-
den thickness. The Rc values for the geologic units are Ch. 
(− 0.42 to 0.95; 0.43 avg.), OGu (0.63–0.78; 0.71 avg.), M 
(− 0.60 to 0.98; 0.71 avg.), OGe (− 0.54 to 0.98; 0.72 avg.) 
and OGp (− 0.65 to 0.99; 0.71 avg.). The spatial distribution 
of Fc and Rc over the study area (Fig. 8) indicates moderate 
to high groundwater potential, as both indices have signifi-
cant overlap in their values throughout the study area, with 
no clear separation. The biotite-hornblende granite-derived 
soil exhibits a significant fracture contrast, implying a high 
groundwater potential, based on these data. The groundwater 
formation factor (Fm) ranges from 2.35 to 13.61, with aver-
age values of 13.61 for charnockite, 2.35 for granite, 3.68 
for migmatite, 5.11 for biotite granite, and 4.79 for biotite-
hornblende granite. Based on the value of Fm, the char-
nockite appears to have a high groundwater yield/potential.

Table 3  (continued)

East North Elevation (m) VES
NO

Resistivity (Ohmns-meter) Thickness (m) Depth (m) Curve Type

�
1

�
2

�
3

�
4

�
5

h
1

h
2

h
3

h
4

d
1

d
2

d
3

d
4

748,123 815,719 356 46 389 784 111 2197 0.9 1.5 25.5 0.9 2.4 27.9 KH
748,214 815,866 355 47 80 1176 78 4520 1.6 8.8 19.8 1.6 10.4 30.2 KH
748,126 816,046 358 48 408 878 123 2998 0.8 15.3 15.4 0.8 16.1 31.5 KH
747,961 815,674 357 49 83 654 101 1222 0.7 2.4 9.9 0.7 3.1 13 KH
747,760 815,593 358 50 55 325 85 665 0.8 7.4 30.5 0.8 8.2 38.7 KH
747,800 815,472 358 51 265 989 94 3017 1.2 2.9 18.4 1.2 4.1 22.5 KH
747,891 815,221 356 52 175 1202 323 1.9 12.3 1.9 14.2 K
747,767 815,105 357 53 37 1032 258 2141 0.9 3.4 9.9 0.9 4.3 14.2 KH
747,679 815,149 356 54 187 3117 285 888 1.9 2.2 14.8 1.9 4.1 18.9 KH
747,621 815,293 355 55 225 523 287 1743 1.5 2.8 16.6 1.5 4.3 20.9 KH
747,703 815,055 354 56 220 1327 350 1876 1.1 5.5 32.7 1.1 6.6 39.3 KH
747,522 815,031 358 57 236 812 89 1323 2.9 10.1 25.4 2.9 13 38.4 KH
747,749 814,953 354 58 423 55 1021 4.3 20.2 4.3 24.5 H
747,941 815,065 352 59 145 745 50 1747 0.8 3.5 14.4 0.8 4.3 18.7 KH
747,958 814,997 354 60 55 1042 155 1487 1.9 3.2 29.9 1.9 5.1 35 KH
747,857 814,827 356 61 112 475 101 1.3 4.5 14.4 1.3 5.8 K
748,036 814,634 358 62 98 741 1222 1.2 12.6 1.2 13.8 A
747,955 814,594 362 63 182 84 381 2.2 32.8 2.2 35 H
747,901 814,603 364 64 142 566 41 8754 1.9 1.5 26.3 1.9 3.4 29.7 KH
747,857 814,585 366 65 144 445 126 2335 2.9 10.1 31.1 2.9 13 44.1 KH
747,783 814,612 358 66 307 1117 326 3327 2.1 4.5 29.8 2.1 6.6 36.4 KH
747,901 814,379 365 67 124 998 395 5235 1.1 1.5 25.6 1.1 2.6 28.2 KH
748,190 814,034 364 68 94 2332 298 2474 1.2 3.5 33.3 1.2 4.7 38 KH
748,116 814,254 365 69 87 41 4197 1.1 2.9 1.1 4 H
748,065 814,406 366 70 103 56 9652 0.9 6.9 0.9 7.8 H
748,072 814,092 354 71 145 99 997 1.2 15.3 1.2 16.5 H
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Fig. 5  Curve types obtained from VES
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Water bearing unit/aquifer hydraulic 
characterization

The SWL of wells (Table 6) ranges from 1.4 to 9.9  m 
(6.41 m avg.), while hydraulic head ranges between 341 
to 371 m (352 m avg.). The thickness of the vadose zone 
which corresponds to the static water level (SWL) is gener-
ally higher in the north and relatively lower in the south, 
while the southwestern flank is characterized with values 
less than 5 m (Fig. 9a). Consequently, the southern part is 
likely to be vulnerable to contamination than northern area. 
The hydraulic map (Fig. 9b) shows a decreasing north–south 
trend, which implies that groundwater movement is south-
ward, and the hydraulic gradient is 9 m.

The hydraulic conductivity determined by pumping 
gives values ranging from 0.21 to 1.22 m/day and average 
of 0.67 m/d; while those recorded for the geologic units are 
charnockite: 0.21–0.68 m/day (0.32 m/day avg.); granite: 
0.94–1.22 m/day (1.08 m/day avg.); migmatite: 0.59–0.72 m/
day (0.63  m/day avg.); biotite granite: 0.8–0.95  m/day 
(0.86 m/day avg.); biotite-hornblende granite: 0.54–0.66 m/
day (0.60  m/day avg.). All these values fall within the 
hydraulic conductivity (material) classification of clay-sand-
gravel mixtures (Bouwer 1978) of moderate groundwater 
yield.

The values of transmissivity (Table 4) derived from the 
area range between 0.59 and 24.2  m2/d, while the average 
is 9.82  m2/d. From Fig. 10, higher values of transmissivity 
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(> 8  m2/day) and hydraulic conductivity (> 0.6 m/day) are 
observed in the northern/central part, however, decreases 
towards the southern part (< 8.0 m). The average transmis-
sivity of the water bearing units for different geological 
rocks are in the following (descending) order: 13.21 m/
day (biotite granite), 12.24 m/day (biotite-hornblende 
granite), 8.14 m/day (granite), 4.644 m/day (charnockite) 
and 4.641 m/day (migmatite). The high values of coef-
ficient of permeability and transmissivity recorded for 
granite and biotite and/or hornblende rich granitic rock 
could be attributed to their texture as they are generally 
of medium—coarse—porphyritic texture. These textural 
characteristics could enhance infiltration capacity, poros-
ity, storability, permeability, and transmissivity.Ta
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Table 5  Longitudinal unit conductance, overburden thickness, and 
reflection coefficient with corresponding protective rating (modified 
after Oladapo and Akintorinwa 2007)

Total 
longitudinal 
unit
conduct-
ance 
(mhos)

Rating of 
overburden’s
aquifer 
protective 
capacity

Overburden 
thickness
(m)

Reflection 
coefficient

Groundwater 
yield

 < 0.10 Poor  > 15  > 0.5 High
0.1–0.49 Weak  > 15  < 0.5 Medium
0.5–0.99 Moderate  < 15  > 0.5 Low
1.0–4.99 Good  < 15  < 0.5 Very low
5.0–10.0 Very good
 > 10.0 Excellent
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Fig. 8  Spatial distribution of Fc and Rc across the study area



763Modeling Earth Systems and Environment (2023) 9:749–769 

1 3

Table 6  Summary of well information and sample locations

Well No. East
(mE)

North
(mN)

Elevation
(m)

Static water
Level (m)

Hydraulic
head (m)

K
(m/d)

Pore water 
resistivity
(ohm m)

Geology

1 748,523 816,315 365 7.9 357 0.50 49.02 Biotite-Hornblende Granite
2 748,624 816,176 364 8.4 356 0.51 61.73 Biotite-Hornblende Granite
3 748,496 816,091 362 5.3 357 0.56 57.14 Biotite-Hornblende Granite
4 748,046 815,709 352 5.9 346 0.75 52.91 Biotite Granite
5 747,921 815,741 353 5.2 348 0.78 50.51 Biotite Granite
6 748,022 815,665 352 9.5 343 0.70 50.51 Biotite Granite
7 747,972 815,602 355 7.2 348 0.78 60.61 Biotite Hornblende Granite
8 748,049 815,468 355 6.6 348 0.77 58.14 Biotite Hornblende Granite
9 747,962 815,342 354 5.8 348 0.37 71.94 Charnockite
10 747,911 815,195 355 6.2 349 0.36 67.57 Charnockite
11 747,760 815,118 356 5.5 351 0.36 56.50 Biotite-Hornblende Granite
12 747,699 815,226 357 6.8 350 0.46 54.05 Biotite-Hornblende Granite
13 747,682 815,042 358 1.5 357 0.64 59.52 Biotite-Hornblende Granite
14 747,528 814,935 358 1.4 357 0.63 53.48 Biotite-Hornblende Granite
15 747,787 814,769 360 2.9 357 0.48 60.61 Biotite-Hornblende Granite
16 747,934 814,581 360 6.5 354 0.56 61.35 Biotite-Hornblende Granite
17 748,036 814,639 365 5.8 359 0.45 56.50 Biotite-Hornblende Granite
18 748,062 814,545 364 6.5 358 0.46 62.11 Biotite-Hornblende Granite
19 747,998 814,626 363 6.2 357 0.47 57.14 Biotite-Hornblende Granite
20 748,086 814,433 362 9.8 352 0.53 61.73 Migmatite
21 748,059 814,187 364 8.4 356 0.48 61.73 Migmatite
22 747,639 815,602 356 6.9 349 0.55 60.61 Migmatite
23 747,723 815,513 357 7.8 349 0.55 57.80 Migmatite
24 747,827 814,675 355 8.8 346 0.55 60.98 Migmatite
25 748,365 815,334 352 6.6 345 1.04 34.60 Migmatite
26 748,254 815,539 350 8.6 341 0.99 49.02 Biotite Granite
27 748,291 815,338 352 9.9 342 1.21 25.58 Migmatite
28 748,230 815,248 353 9.5 344 2.13 32.79 Migmatite
29 748,166 815,172 356 8.6 347 0.98 37.17 Migmatite
30 747,992 815,262 355 9.7 345 0.04 64.52 Charnockite
31 748,052 815,284 355 6.9 348 0.36 63.29 Charnockite
32 748,039 814,979 358 5.8 352 0.70 48.78 Biotite Granite
33 748,096 814,997 359 5.7 353 0.72 46.51 Biotite Granite
34 748,056 814,930 358 6.3 352 0.79 50.51 Biotite Granite
35 748,083 814,921 360 7.7 352 0.69 49.26 Biotite Granite
36 748,217 814,917 362 3.9 358 1.50 45.25 Biotite Granite
37 748,321 814,966 356 3.8 352 1.49 32.89 Migmatite
38 748,361 814,930 357 3.9 353 1.56 32.47 Migmatite
39 748,385 814,877 356 5.2 351 1.40 32.15 Migmatite
40 748,469 814,782 355 4.6 350 1.23 28.09 Migmatite
41 748,664 814,747 352 4.5 348 1.15 25.64 Migmatite
42 748,748 814,576 351 4.5 347 1.25 30.86 Migmatite
43 748,680 814,438 352 5.1 347 1.67 47.62 Biotite Granite
44 748,398 814,388 362 4.5 358 1.12 38.17 Granite
45 748,408 814,285 359 6.7 352 0.44 37.74 Granite
46 747,588 815,248 355 6.0 349 0.44 26.46 Migmatite
47 749,386 816,659 379 8.9 370 1.93 28.99 Migmatite
48 749,201 816,937 380 9.2 371 1.72 52.91 Migmatite
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Aquifer vulnerability assessment

The calculated longitudinal unit conductance values (in 
mhos) of water bearing units using resistivity parameters 
are shown in Table 4, and the values range from 0.0118 to 
0.6575 mhos with an average of 0.1470 mhos. Total longi-
tudinal unit conductance greater than one are usually asso-
ciated with impervious materials, which offer good/excel-
lent protectivity and vice-versa. Hence using Table 5, the 
groundwater protective capacity varies from poor–moderate, 
while taking the average value, the protective capacity is 
weak.

The calculated AVI values range from 0.23 to 1.74, with 
an average of 1.22. Therefore using Table 2, the groundwater 
in the study area is extremely vulnerable to contamination. 
The relationship or correlation of hydraulic conductivity (K) 
taking as dependent variable and Formation factor (Fm) as 
independent variable for the different lithological units in 
the study area gives the following exponential expressions, 
and correlation coefficient (r2) shown in Table 7. The rela-
tionship shows weak positive (< 0.5) for all the rock units.

Table 6  (continued)

Well No. East
(mE)

North
(mN)

Elevation
(m)

Static water
Level (m)

Hydraulic
head (m)

K
(m/d)

Pore water 
resistivity
(ohm m)

Geology

49 747,915 813,551 361 5.5 356 0.76 53.19 Biotite Granite
50 748,519 813,577 360 6.2 354 0.71 49.75 Biotite Granite
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Fig. 9  Spatial distribution of (a) thickness of the vadose zone/SWL (b) groundwater hydraulic head
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Synthesis of results/hydrogeological parameters 
modeling

Modeling of groundwater potentiality zones using groundwa-
ter potential index value (GWPIV) by aquifer hydrogeologi-
cal properties, is a veritable scheme for effective management 
of groundwater resources, as demonstrated by Bawallah et al. 
(2021), Epuh et al. (2020), Adebiyi et al. (2018); Adewumi 
(2016), (Mogaji 2016). Therefore using multi criteria param-
eters (as rated in Table 8) obtained from VES and pumping test 
hydraulics, the summation of these parameters resulted into 
generation of groundwater potential index values (GWPIV) 
which was used in developing groundwater potential map for 
the area. All the parameters: weathered layer thickness (WT), 
weathered layer resistivity (WR), overburden thickness (OT), 
traverse resistance (TR), transmissivity (TM), reflection coef-
ficient (RC), fracture contrast (FC), and formation factor (FM) 
were summed up (Eq. 8) by attaching different weights (w) and 
ratings (r) based on their significance on groundwater accumu-
lation/storage and exploitation (Table 8).

The geology was rated/weighted based on influence on 
groundwater occurrence, texture, structure (field observation 
of fracture, discontinuity), end product of weathering, resist-
ance to weathering, and mineralogy

GW = f (WT,WR,OT,TR,TM,RC, FC,GL).

Therefore the GWPIV was determined using the expres-
sion below:

GWPIV =  WTwWTr +WRwWRr + OTwOTr + TRwTRr

+TMwTMr + RCwRCr + FCwFCr.

The GWPIV was rated as low: 0.0–4.0; moderate: 
4.0–6.0; and high: 6.0–10.0. Consequently the GWPIV 
obtained ranges from 2.80 (VES 70)–7.73 (VES 56) with 
an average of 5.04 indicating a moderate potential. The 
developed groundwater potential map (Fig. 11) showed 
predominant moderate potential with aquifers underlain by 
older granite, coarse to porphyritic biotite-hornblende gran-
ite, and migmatite have better hydrogeological significance 
in the study area.

Conclusion

The study demonstrated the significance of integrated meth-
ods in groundwater assessment/aquifer delineation; especially 
in the basement complex of southwestern Nigeria where 
groundwater yield and acculation depends on many indices/
factors. Consequently the VES was complemented with in-
situ pumping test and hydrogeological parameters measure-
ment coupled with detailed geological mapping. The study 
showed that the area exhibits low–moderate groundwater 
potential with high risk of contamination. The weathered 
layer (major) and confined fracture basement (minor) are the 
water bearing units, with the weathered layer average resistiv-
ity of 301 Ω m signifying clayey-sand signature. The confined 
fracture aquifer was not widespread as it was only delineated 
under VES 32. In conlusion subsoil underlain by older granite, 
coarse to porphyritic biotite-hornblende granite, and migma-
tite have better hydrogeological importance in the study area, 
while formation factor and hydraulic conductivity showed 
weakly positive correlation coefficient. Based on the model 
map, which synthesis all the hydrogeological parameters, the 
groundwater potentiality of the study area is generally moder-
ate with thin vadose zone highly vulnerable to contamination 
with sand-clay composition.
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Fig. 10  Distribution of hydraulic conductivity and transmissivity 
across the study area

Table 7  Empirical relationship between hydraulic conductivity and 
formation factor for different water bearing formations derived geo-
logical units

S/Nos. Geological units Exponential equation Correlation 
coefficient

1 Biotite-hornblende 
granite

y = 0.6005e−0.018x 0.1245

2 Migmatite y = 0.4601e0.0695x 0.2239
3 Charnockite y = 0.0838e0.0673x 0.0391
4 Granite y = 1.1623e−0.091x 0.0023
5 Biotite Granite y = 0.5937e0.0578x 0.0989
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Table 8  Muti-criteria 
parameters and its probability 
rating and weights for selected 
measured parameters in relation 
to groundwater evaluation

Parameter Range Weight Remark Rating

1 Weathered layer thickness (m)
0–10 1 Low 0.075
10–20 2 Moderate
 > 20 3 High

2 Weathered layer resistivity (ohm-m) 0–100 1 Very Poor 0.075
100–200 2 Poor
200–300 3 Moderate
 > 300 5 Good

3 Overburden thickness (m) 0–15 1 Low 0.10
15–30 2 Medium
 > 30 4 High

4 Transverse resistance 0–5000 1 Low 0.075
5000–10,000 3 Fair
 > 10,000 5 High

5 Transmissivity 0–10 1 Low 0.125
10–20 2 Moderate
 > 20 3 High

6 Reflection coefficient  < 0.1 3 High 0.05
0.1–0.5 2 Moderate
0.5–1.0 1 Low

7 Fracture constrast 0–20 3 High 0.05
20–50 2 Moderate
 > 50 1 Low

8 Apparent formation factor 0–3 1 Low 0.05
3–5 3 Fair
 > 5 5 Good

9 Geology M 4 0.40
Gu 4
Ge 2
Gp 2
Ch 1
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