Sustainable Water Resources Management (2023) 9:169
https://doi.org/10.1007/540899-023-00936-w

ORIGINAL ARTICLE q

Check for
updates

Application of second-order geoelectric indices in determination
of groundwater vulnerability in hard rock terrain in SW. Nigeria

Victor Olumuyiwa Akinseye' - Wasiu Olajuwon Osisanya® - Moses Oghenenyoreme Eyankware®*

Isaac Akinjide Korode® - Abel Taiwo Ibitoye®

Received: 12 October 2022 / Accepted: 28 August 2023 / Published online: 22 September 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract

The application of the VES geophysical technique to investigate groundwater potential and the aquifer vulnerability was car-
ried out at Akure, southwestern part of Nigeria. Sixteen (16) VES points were selected using a Schlumberger array applied
for the conduction of the VES. The ABEM Terrameter SAS 1000 was used and the maximum current electrode spacing
(AB/2) was 100 m. A partial curve matching technique and computer iteration technique were applied in the interpretation
of data using WINRESIST software, while Groundwater Modeling System (GMS) software was used to model the ground-
water flow direction. The study revealed the presence of two to four layers of curve types, which include H (69%), HKH
(19%), A (6%), and QH (6%) respectively. The second-order geoelectric parameters include longitudinal conductance (S),
average transverse resistance (Tr), average longitudinal resistance (p; ), coefficient of anisotropy (1), reflection coefficient
(R.), and resistivity contrast (F,). The estimated aforementioned parameters range 0.004-1.03, 659.6-12,416.6 Q/m?,
28.21-267.4 Q-m, 58.82-303.26, 1-1.5, 0.33-0.97, and 2.01-57.33, respectively. The distributions of these parameters are
revealed by the contour maps, which aid in the delineation of zones with different layer characteristics. The findings of this
study can be used as a guide for making decisions on groundwater abstraction and management.
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Introduction

About 98% of the world's freshwater is found underground,
and it is distributed rather evenly around the globe. It pro-
vides a reliable, consistent supply that is not fully prone
to drying out in natural conditions, such as surface water
(UNESCO 2022). However, the preferred source of drinking
water globally is groundwater, which is often considerably
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more dependable than surface water, and easily accessible by
consumers (Carrarad et al. 2019; Eyankware and Akakuru
2022). Water resource quality is deteriorating worldwide
due to several issues. Anthropogenic activities, in particular
within the study area, are one of the key variables that affect
water quality. Various fields of research, including geology,
microbiology, biochemistry, and others, have continued to
examine the gradual decline in water quality (Obasi et al.
2022). A detail knowledge of geology and hydrogeology
of the study area are very necessary for reliable interpre-
tation (Abiola et al. 2009). To learn about the subsurface
lithology and aquiferous zones, such as fractures, faults, and
joints, which are favorable to groundwater accumulation and
groundwater quality, complete geophysical research is fre-
quently required before groundwater exploitation. The lack
of sufficient data coverage for groundwater development and
management, however, frequently places restrictions on geo-
physical research and other conventional techniques such
as geostatistical and numerical modeling (Eyankware et al.
2022). The appraisal of groundwater potential and the vul-
nerability of aquifers in typical basement complex terrains

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40899-023-00936-w&domain=pdf
http://orcid.org/0000-0001-7280-9771
http://orcid.org/0000-0003-0221-1138

169 Page2of14

Sustainable Water Resources Management (2023) 9:169

have been the subject of much research worldwide (Akindeji
2020; Akintorinwa 2015; Joel et al. 2016). For the evalua-
tion of groundwater potential, these studies frequently used
geoelectrical and hydrogeological characteristics such as
aquifer resistivity, aquifer thickness, hydraulic conductance,
and transmissivity separately. The application of geophysics
in the analysis of aquifer vulnerability has recently become
popular (Eyankware et al. 2022; Umayah and Eyankware
2022; Eyankware and Aleke 2021). Groundwater distribu-
tion, aquifer vulnerability, and building foundations, among
other things, can all be determined using geophysical tech-
niques, especially electric resistivity methods. Eyankware
et al. (2022) and Eyankware and Aleke (2021) employed
geophysical instruments for groundwater investigations
Al-Garni et al. (2005), Eyankware and Umayah (2022).
Similarly, numerous geophysical approaches can be used to
search for groundwater resources, including electrical resis-
tivity, seismic, gravity, and ground-penetrating radar (Kearey
et al. 2002). The electrical resistivity approach utilizing ver-
tical electrical sounding and Schlumberger electrode array
can be used to investigate the spatial distribution and depth
of various hydro-lithostratigraphic units (Ebong et al. 2016;
Akpan et al. 2013, 2014). This procedure is quick, inex-
pensive, non-invasive, and environmentally friendly (Ebong
et al. 2016), and the necessary equipment is easily acces-
sible. However, such data are occasionally linked with mis-
takes resulting from inherent uncertainties in the transfer of
electrical resistivity data to geology models (Ebong et al.
2014). The ambiguities are usually resolved by combining
geology and geophysical data (Ebong et al. 2016). Aside
from the aforementioned drawbacks, the electrical resis-
tivity approach cannot be used to investigate depths more
than 1000 m (Kearey et al. 2002), though earlier research in
the research area revealed that the depth of water-carrying
units was less than 1000 m (Abiola et al. 2009; Olorunfemi
and Fasuyi 1993). Studies have not been carried out within
the study area to the best of our knowledge on aquifer vul-
nerability and groundwater flow direction. Groundwater
models are crucial for the development and management
of groundwater resources as well as for foretelling the out-
comes of management actions. Groundwater modeling has
evolved into a common instrument for expert hydrogeolo-
gists to efficiently carry out the majority of jobs because of
the significant gains in computation power and the wide-
spread availability of computers and model software. Mod-
els of groundwater flow have been used to investigate the
dynamics of groundwater systems and comprehend flow
patterns. However, all the previous published research used
the one-time dataset to map the output. However, these do
not depict the true representation of the groundwater flow
direction. This research will serve as a baseline; similarly,
this paper has highlighted groundwater flow direction using
GMS and devised appropriate management of the Akure
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aquifer. Although the present paper has focused on a small
area of Akure, the results apply to a wide range. Akure aqui-
fer is very large and has almost similar aquifer parameters
throughout. Furthermore, the focus of this research is on
assessing aquifer vulnerability and also inferring aquifer
potential within the study area.

Location, accessibility, and physiographic
of the study area

The study area is located between latitudes 7° 11’ N and
7° 18" N, and longitudes 5° 9" E and 5° 19" E see Fig. 1.
The study area covers a total area of about 2.5 km?. The
area is accessible via Oba-Ile estate from NTA road. The
entire research area is connected to the NTA road by an
unpaved motorable road. The location is bordered by gra-
nitic rock outcroppings and is situated on gently undulat-
ing terrain. The elevation varies between 303 and 335 m.
It rains throughout the year at Oba-Ile Akure, but the com-
mencement is in March and the cessation (severe decrease
in amount) is in November, according to the available rain-
fall data. The yearly rainfall ranges from 1150 mm in the
north to 2000 mm in the south. As you move inland from
the shore, the amount and distribution of rainfall decrease
(Akinseye 2010; Akinseye et al. 2012). It was reported by
Ayolabi et al. (2003) that the study area is characterized by
bedrock depression and bedrock ridges with structural fault
zones viable for suitable groundwater establishment. Aded-
ipe et al. (2014) also conducted a geophysical investigation
in the study area with the intent of assessing its groundwater
potential as well as appraising its aquifer protection capacity.
It was recommended that low- to medium-capacity borehole
can be established in the study area and that the aquifer is
safe. Eebo and Yusuf (2021) discovered from their research
on the study area that it is characterized by a medium aquifer
and very few parts are non-aquiferous.

Geology of the study area

The study area is underlain by the Precambrian Basement
complex rocks of Southwestern Nigeria (Rahaman 1988),
which are divided into two primary petrologic units: bio-
tite—granite and migmatite gneiss; see Fig. 1. In the western
part of this research area, outcrops of biotite gneiss and gra-
nitic gneiss can be found. Similarly, charnokites and gran-
ite boulders may be found along the study area's western
street. Weathering processes form surface layers with vari-
ous degrees of porosity and permeability, which are found in
typical basement topography (Odunsanya and Amadi 1990)
in tropical and equatorial locations.
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Fig. 1 Geology map of the study area showing VES points

Hydrogeology of the study area

Groundwater in Nigeria is restricted by the fact that more
than half of the country is underlain by crystalline basement
rock of the Precambrian era (Kazeem 2007). The main rock
types in this geological terrain include igneous and meta-
morphic rocks such as migmatites and granite gneisses. Dan-
Hassan and Olorunfemi (1999) used the electrical resistivity
method to delineate different subsurface geoelectrical lay-
ers, aquifer unit and their characteristics, the subsurface
structure, and its influence on the general hydrogeological
condition in the north-central part of Kaduna state, Nigeria.
According to previous authors, locating water-bearing units
in an area underlain by basement complicated rocks is a dif-
ficult undertaking in general (Aboh and Osazuwa 2000; Olu-
runfemi and Fasuyi 1993). Exploration for groundwater is
difficult due to the great variety in lithology and structure, as
well as extremely localized water-producing zones (Abiola
et al. 2009; Olurunfemi et al. 1999; Oladapo et al. 2004).
High topographical features that are associated with high
bedrock relief are among the elements that are examined for
a well site in basement complex locations (e.g., ridges). In
some places, this is a crucial consideration for well location.

Because bedrock ridges' crests (when present) act as a radiat-
ing center for groundwater as water normally drains along
steep slopes and hilltops to a point of discharge in adjacent
lowlands, wells located on flat terrain and valleys tend to
yield more water than wells located on hilltops and valley
sides (Olorunfemi and Okhue 1992). Fault breccias can be
used to locate well locations in metamorphic terrains (Olo-
runfemi and Okhue 1992). When features like as a reef cut
across a small piece of a valley with a high recharge area,
hornblende gneiss and connected with basic dykes act as
barriers to groundwater flow, and perfect conditions exist
(Akakuru et al. 2023).

However, both intergranular and fracture porosities can
be seen in weathered rocks. The weathered portion's clay
composition reduces permeability to some amount. Weath-
ered and fracture aquifers in hard rock areas are capable of
providing enough water to support the demands of a small
hamlet or village (Patrick et al. 2021). Weathered, partially
weathered/fractured zones in crystalline rocks generate
aquifers (Olorunfemi and Okhue 1992). Weathering var-
ies in nature and degree and is primarily determined by the
presence of fractures at depth and favorable morphological
features at the surface.
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Methodology
Geoelectrical measurements

Sixteen (16) VES were conducted within the study area, as
shown in Fig. 1, with the help of an OHMEGA Terrameter
and its accessories. For each VES profile, a Schlumberger elec-
trode array was used with a maximum half current (AB/2)
electrode separation of 100 m and a half potential (MN/2) elec-
trode separation of 5 m. Surfer software was used to map the
spatial distribution of S, Tr, p;, and p,. The following Eq. (1)
was used to convert the observed field data to apparent resis-
tivity (a) values:

()02

MN

1

The geoelectrical curves were generated by plotting the
apparent resistivity data against the current electrode spacing
(AB/2). The data processing was aided by the use of WIN-
RESIST software, which allowed for the creation of sound
curves. The groundwater flow direction was generated with
the use of groundwater modeling system software (GMS)
which utilizes the geographic coordinates and elevation (top-
ographic nature) of the study area aside from other relevant
data such as hydraulic conductivity of the geology formation
present, well, river, recharge, lake, and stream information if
available. The thickness of the aquifer was calculated using
the geoelectrical sections, which were produced using the
information from the sounding curves. The charts supplied
by Loke (1999) and Kearey et al. (2002) were used to deduce
lithologies that corresponded to the geoelectric section. For
the analysis and comprehension of the geologic model, some
factors linked to the different combinations of thickness and
resistivity of the geoelectric layer are crucial (Zohdy et al.
1974; Maillet 1947). Dar Zarrouk's longitudinal (S) and
transverse (7) parameters were derived via:

§=2,
P 2

T = hp, 3

where /1 is the aquifer thickness and p is the aquifer
resistivity.

Longitudinal unit conductance (S) was calculated using
Eq. (4).

The longitudinal conductance is equal to the number of
layers (n).

w by hy hy h
S=) —=—4—=4+L 4
e b by @
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as proposed by Asfahani (2013) and Durotoye et al. (2022).
Transverse unit resistance (Tr) was calculated using

Eq. (5).
The total resistance of the transverse unit is:

Tr = z hip; = hip; + hypy + -+ + b, ®)
i=1

as proposed by Oli et al. (2021), Nwachukwu et al. (2019).
Longitudinal resistance was calculated using Eq. (6).

p—E—ELm ©6)
L= - n h’
S 21‘:1;

as proposed by Suneetha and Gupta (2018).
Transverse resistance was determined from Eq. (7).

) = T _ 2iihipi
COH XL

as proposed by Suneetha and Gupta (2018).

The coefficient of anisotropy is a useful parameter of an
anisotropic medium which indicates the degree of fracturing.
It was determined using Eq. (8):

A=Mﬁ=l§. ®)
L H

The reflection coefficient (R.) and resistivity contrast (F,)
were calculated using Eqs. (9) and (10), respectively.

As proposed by Umayah and Eyankware (2022) and Ola-
dunjoye and Jekayinfa (2015):

@)

Pn = Pn—1
R =t Dl
¢ Pn +pn—l (9)
Pn
F. .= ,
T (10)

where p, is the layer resistivity of the nth layer, and p,, _, is
the layer resistivity overlying the nth layer.

Results and discussion

Table 1 shows the results of the interpreted VES survey.
Dar Zarrouk parameter of the study area

Longitudinal unit conductance (S), transverse unit resistance

(Tr), average longitudinal resistance (p; ), transverse resistiv-
ity (p,), coefficient of anisotropy (1), reflection coefficient
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Table 1 The processed VES data utilized to create curve-type geoelectric layers

VES latitude longitude Resistivity (Qm) Layer depth (m) Curve type  No. of layers
pl p2 3 p4 pS dl d2 d3 d4 ds
VESO01 7°17"43"N 5°9'50"E 3243 1249 2075 968 7212 0.8 38 158 242 o HKH 5
VES 02 7°17"43"N 5°11'56"E  321.7 937 2820 739 8278 09 34 122 356 o HKH 5
VES 03 7°16'50"N 5°10'20"E 2654 373 2454 o o0 21 107 o H 3
VES 04 7°16'05"N 5°9'56"E  779.1 127.1 1532 o) o) 45 279 o H 3
VES 05 7°17'00"N  5°13'45"E 701.2 99.7 3252 o0 25 191 o H 3
VES 06 7°16'00"N 5°12'50"E 427.6 473 2036 o o0 25 104 o H 3
VES 07 7°16'55"N  5°15'40"E 296.6 26.1 14439 o0 I 1.5 109 o H 3
VES 08 7°15'10"N  5°15'05"E 283.3 247 2773 I 15 95 o H 3
VES 09 7°15'05"N 5°11'20"E 62,6 862 1077.1 o I 19 238 o A 3
VES 10 7°14'30"N  5°12"45"E 2513 430 3593 612 5622 26 75 237 478 HKH 5
VES 11 7°14'20"N  5°11'00"E 232.1 383 21959 o I 28 125 o H 3
VES 12 7°12'58"N  5°10"15"E  605.0 239.0 4793 o o 23 108 o H 3
VES 13 7°12'30"N  5°11'25"E 6142 844 40.1 1216 14 70 188 QH 4
VES 14 7°11'40"N  5°15'20"E 2972 424 8593 o © 1.7 141 o H 3
VES 15 7°13'50"N  5°14'10"E 2493 326 6256 o o) 20 93 o H 3
VES 16 7°13"40"N  5°13'40"E 4229 59.7 2330 o o0 233 152 o H 3
Table 2 Results of second-order geoelectric indices
VES points  Longitudinal unit Transverse unit Average longitudinal =~ Transverse Coefficient of  Reflection Resistivity
conductance (S), resistance (Tr), resistance (p;) -m  resistivity (p,) anisotropy (1) coefficient contrast (F,)
mhos Q/m? R,
VES/1 0.359036 6355.12 124.22 142.49 1.07 0.76 7.45
VES/2 0.564078 6679.35 92.36 128.2 1.18 0.84 11.2
VES/3 0.294776 956.45 43.42 74.72 1.31 0.74 6.58
VES/4 0.225288 7052.04 143.82 217.66 1.23 0.85 12.05
VES/5 0.19514 3657.27 110.69 169.32 1.24 0.53 3.26
VES/6 0.22572 1560.92 57.15 121 1.46 0.62 43
VES/7 0.422682 729.39 29.34 58.82 1.42 0.96 55.32
VES/8 0.38991 659.6 28.21 59.96 1.46 0.84 11.23
VES/9 0.306454 2170.5 83.86 84.46 1 0.85 12.5
VES/10 1.031772 12,416.65 79.09 152.16 1.39 0.8 9.19
VES/11 0.338435 1128.63 45.21 73.77 1.28 0.97 57.33
VES/12 0.04899 3972.7 267.4 303.26 1.06 0.33 2.01
VES/13 0.554046 2204.56 49.09 81.05 1.28 0.94 30.33
VES/14 0.338267 1103.08 46.71 69.82 1.22 0.91 20.27
VES 15 0.2932 801.78 38.53 70.95 1.35 0.9 19.19
VES16 0.309 10,761.01 124.31 279.51 1.5 0.59 39
Min 0.04899 659.6 28.21 58.82 1 0.33 2.01
Max 1.031772 12,416.65 267.4 303.26 1.5 0.97 57.33
Aver 0.387642 4182.517 92.16778 136.0683 1.275 0.762778 18.08056

(R.), and resistivity contrast (F,) were calculated. The results
are obtained from primary resistivity parameters such as
resistivity thickness and depth using Eqgs. (4—10). The cal-
culated results are presented in Table 2.

Longitudinal unit conductance (S)

Longitudinal conductance can help to define the degree of
groundwater protection from vertical infiltration of pollut-
ants (Oni et al. 2017). It is the conductance in the direction

@ Springer
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of the bedding plane through a column of 1 m. It is denoted
by S (Nwanko et al. 2011). Oladapo and Akintorinwa (2007)
and Henriet (1976) stated that geologic formations with
longitudinal conductance greater than 10 Q-1 can be rated
to have excellent aquifer protective capacity, while forma-
tions with (5-10) Q-1 are rated very good, formations with
(0.7-4.9) Q-1 are rated good, formations with (0.2-0.69)
mhos are moderate, formations with (0.1-0.19) mhos weak
and formations with less than 0.1 Q-1 are poor. Hence, it
could be inferred that VES 1, 2, 3,4, 6,7, 8,9, 10, 11, 13,
14, 15, and 16, VES 5, and VES 12 fell within the moderate,
weak, and poor, respectively, based on aquifer protective
rating capacity. This also connotes that 88% of the sounding
points (VES points) are expected to be of moderate aquifer-
ous protective capacity and 6% could be weak, while the
remaining 6% is rated poor. This is contrary to the obser-
vation of Akinrinade and Adesina (2015) in their investi-
gation of groundwater potential and aquifer vulnerability
within Akure Southwestern Nigeria. It was inferred from
their findings that the study area is characterized mainly
by low protective capacity making the location very prone
to infiltration. Eyankware et al. (2020) also stated that the
lithologic units with a high value of S offer a reliable protec-
tive capacity, while geologic formations with a low value
of S often have weak or poor protective capacity. Figure 2
presents a spatial distribution map of S of the study area.
Longitudinal conductance values that were calculated from

5°14'0"E

5°15'0"E

5°16°0"E

first-order geoelectric indices have values that vary from
0.05mhos at VES 12 to 1.03 mhos at VES 10 with an aver-
age of 0.64. The highest value of S was realized in the north-
western area of the map with the value of 1.03 Q-1 at VES
10 (Fig. 2a). Meanwhile, a low value of S could be found
in the area around VES 12 and VES 5, which indicates an
incompetent or weak zone of aquifer protective capacity that
could lead to the infiltration of the aquiferous units (Oluse-
gun et al. 2016). This implies that the protective capacity is
high in a zone where the longitudinal conductance is high or
vice versa. Eyankware et al. (2022) observed a similar result
during their research work on the delineation of aquifer vul-
nerability in the southeast part of Nigeria.

Transverse unit resistance (Tr)

It is used to delineate the most prolific area of groundwa-
ter potential for hydrogeological investigation (Nafez et al.
2010; Eyankware et al. 2022). Longitudinal conductance
determines the properties of the conducting layers, while
transverse resistance determines the properties of the resis-
tive layers (Yungul 1996). Tr is strongly related to trans-
missivity. According to Eyankware and Aleke (2021),
larger Tr values usually represent higher aquifer trans-
missivity values. From Fig. 3, Tr ranges from 659.9 to
12.416.65 Qm? at VES 8 and VES 10, respectively, with
an average of 3888.06 ©/m2. The region around VES 10

@ Springer
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Fig.5 Spatial distribution map of average transverse resistance

and VES 16, which are the middle northwestern and down
southeastern flanks, respectively, of the study area are char-
acterized by relatively high transverse unit resistance, while
VES 8, VES 7, VES 15, VES 3, VES 11, and VES 14 have
very low Tr. It was observed that Tr is high in the middle
NW zone of the study area, which connotes that ground-
water potential in the area is expected to be hydrogeologi-
cally promising with thick aquifer thickness. However, areas
around VES 8, 14, 11, 15, and 16 show low Tr. Such areas
are not expected to have high groundwater potential.

Average longitudinal resistance (p,)

The value of longitudinal resistance ranges from 28.21
to 279.51.4 Q-m with an average value of 85.21 Q-m as
shown in Table 2. A spatial variation map of p; was gener-
ated using the values of longitudinal resistivity of the 16
sounding points obtained from the study area as seen in
Fig. 4. According to George (2021), the longitudinal resist-
ance helps to assess the rate at which aquiferous units could
be prone to infiltration. He stated further that p; can help to
determine the direction of conductivity with depth due to
its sensitivity to geologic units. In addition, it was observed
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5°14'0"E

5°15'0"E 5°16'0"E

that an increase in thickness with depth results in a decrease
in longitudinal resistivity with depth, and p; reveals the rate
of uniformity with the layer around it. Figure 4 shows that
high p; was observed in the southwest and northwest axis of
the study area, which implies that the aforementioned tends
to high conductivity with depth. This can be attributed to
geological units within the area. Furthermore, Eyankware
and Aleke (2021) and Gupta et al. (2015) believed that the
pr. contour can be used to demarcate the saline, brackish, and
freshwater aquifers into three different regions based on their
varying resistivity regimes.

Transverse resistivity (p,)

Figure 5 reveals that selected parts of southwest, northwest,
and southeast have high p, when compared to other parts
of the study area. This can be attributed to the resistivity
of subsurface rocks such as granite within the aforemen-
tioned area which tends to control the resistivity of rock
within the area. Table 2 shows that VES 7 has a p, value of
58.82, and VES 12 has a p, value of 303.26, with an average
of 136.0683. This means that genuine resistivity normal to
the stratification plane, such as shale, is greater than true
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Fig.6 Spatial variation of the coefficient of anisotropy

resistivity parallel to the stratification plane (Dewashish
et al. 2014).

Coefficient of anisotropy (A)

According to these computations, the coefficient of anisot-
ropy ranges from 1.0 at VES 9 to 1.50 at VES 16, illustrating
the genuine variance of the anisotropic character of rock
formations (Eyankware and Aleke 2021).

According to Olayinka and Oyedele (2019), Keller and
Frischnecht (1966), high anisotropy values are an indica-
tion of low porosity and permeability, which implies that
such areas are of low hydrogeological viability. However,
areas of low anisotropy values connote high porosity and
permeability with some degree of fractures at a certain
depth. From Fig. 6, it could be observed that VES 8, VES
7, and VES 10, which are located in the northwestern parts
of the study area, and VES 6 at the northeastern flanks of
the study showed high anisotropy values. Hence, they are
not hydrogeologically promising. However, VES 9, VES 1,
and VES 12 have low anisotropy values, which imply that
they have high porosity and permeability. Therefore, they are

5°14'0"E

5150"E  5°16'0"E

hydrogeologically viable. This is in contrast to the observa-
tion of Eyankware 2019 in the sedimentary terrain; those
areas with high values of anisotropy show that the fracture
system must have extended in all directions with varying
degrees of fracturing, resulting in higher porosity from all
directions of the fractures within the rock.

Reflection coefficient (R

According to Umayah and Eyankware (2022), the reflec-
tion coefficient (R,) is a measurement of the difference in
density between layers of a formation in a given area. It may
also reflect the degree of the aquifer fracture. The fracture
or freshness of the bedrock is determined by the reflection
coefficient. Olayinka (1996) proposed a formula for calcu-
lating the reflection coefficient for each VES station, which
was adapted from seismic theory. He claimed that the fresh-
ness of the basement grows when the reflection coefficient
value at any VES point approaches the maximum value of 1.
Basement resistivity alone may not be sufficient to identify
a promising aquiferous zone inside the basement terrain;
consequently, the reflection coefficient must be taken into
account to achieve a better outcome in terms of fracture or
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Fig. 10 3D groundwater flow model of the generated five layers in the study area

bedrock freshness. Such a place can be deemed a suitable
aquiferous zone if the reflection coefficient is low, less than
0.75, and the overburden thickness is comparatively thick,
greater than 25 m. The reflection coefficient map (Fig. 7)
shows that the northern section of the study area has a high
reflection coefficient, which corresponds to the part of the
study area that is underlain by granite rock and also the part
of the southwestern part that is underlain by granite gneiss.

Resistivity contrast (F)

Resistivity contrast (F,) provides information on the area of
water-bearing potential, while low resistivity contrast values
indicate high groundwater potential (Adeniji et al. 2013).
For this study, the estimated value of Fc ranges from 2.01 to
57.33. Adeniji et al. (2013) believed that an area with a low
value of Fc might indicate an aquiferous unit. From Fig. 8,
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it was observed that about 80% of the study area has low
resistivity contrast between 2.1 and 20.7, which are VES 1,
VES 2, VES 3, VES 4, VES 5, VES 6, VES 8, VES 9, VES
10, VES 12, VES 14, VES 15 and VES 16, while the remain-
ing 20% VES points have relatively high resistivity contrast.
This implies that the study area is a hydrogeological viable.

Variation of curve type within the study area

VES findings revealed geoelectric layers ranging from three
to six layers with various intra-facies and inter-facies alter-
ations. The curve types depicted by the interpreted curve
matching results are HKH, H, A, and QH, where the H curve
implies p1 > p2 < p3, the K curve connotes p1 <p2>p3, and
the Q curve depicts pl > p2 > p3, while the A curve implies
pl <p2<p3. The difference in curve types demonstrated
that the study area is heterogeneous in character, and layer
qualities and non-uniformity have resulted in subsurface
anomalies such as fracturing, weathering, partial weather-
ing, and erosion (Akakuru et al. 2023). The main curve type
in the study area is H which is composed of about 69%,
while others are HKH (19%), A (6%), and QH (6%). From
the interpreted data of all the sounding points in the study
area, it was discovered that the subsurface geologic forma-
tions comprise three, four, and five layers. It was deduced
from the result of the findings that layer model H is the most
prominent in the study area, occurring 11 times, which is
followed by layer model HKH occurring 3 times, while layer
model A and QH occurred only once; see Table 1.

Groundwater modeling

Figure 9 represents one of the layers of the groundwater flow
model in the study area generated using the GMS software.
It could be deduced that the groundwater flows from the
south/southeastern flank to the north/northwestern part of
the study area. This implies that the groundwater potential
will be higher toward the north/northwestern direction of the
study area compared to the other parts. This corroborates
with the low anisotropic values Fig. 6 as seen in the north/
northwestern flank, which is an indication of high porosity
and permeability, resulting in high hydrogeological viability.
The transverse unit resistance map revealed that the north-
western part of the area is of high hydrogeological potential,
with is in line with the result of the GMS obtained in the
study area, while the average longitudinal resistance (py)
reveals that the south/southeastern part of the study area is
highly conductive, which is also in agreement with the result
obtained from the GMS. Figure 10 shows the groundwater
flow direction of the generated five layers and it reveals that
the groundwater in the study area tends to all flow in the
same direction (i.e., from south/southeast to north/northwest
part).

@ Springer

Conclusion

Sixteen (16) VES were performed to identify the subsur-
face layer parameters (resistivity, depths, and thicknesses)
that were used in determining Akure groundwater poten-
tial and aquifer vulnerability. Schlumberger electrode con-
figuration was used for the survey, with a maximum half
potential electrode separation of 10 m and a maximum half
current electrode spacing of 100 m. Four curve types were
identified in this study: HKH, H, A, and QH. The inter-
preted geoelectric data revealed variations in the aquifer
and Dar Zarrouk characteristics. According to the study,
39% of the studied area has low water-carrying potential,
while 36 and 25% have extremely low and moderate water-
bearing potential, respectively. The area's groundwater
potential is generally modest, while the northern and west-
ern parts of the study area tend to have higher groundwater
potential when compared to other parts in the study area
as revealed by most of the maps generated. To enhance the
existing groundwater resources in the study area, artificial
recharging strategies, such as trenches, check dams, and
percolation, are recommended.
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