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In absence of magnetic, gravity, electromagnetic and seismic refraction tools, Lateral
Resistivity Profiling (LRP) has been engaged as major tool in the study of deep-seated
geological structures for the evaluation of structural trend and settings for groundwater
exploration in a complex geologic environment of Southwestern Nigeria. Twenty LRP using
wenner configuration was used to delineate zones of resistivity contrast anomaly (weak zone)
diagnostic of fracture, fault, cracks, joints and highly weathered geologic materials. Thirty-
three Vertical Electrical Sounding (VES) using schlumberger configurations was carried out
on the zones of resistivity contrast (weak zones) to delineate geoelectric sequence and layer
stratification. The results from the VES were used to generate geoelectric section, geoelectric
maps and also to determine the second order parameters. Groundwater potential map was
also generated from the integration of geoelectric parameters using Multi-Criteria Evaluation
Techniques (MCDA). The model was classified into low, moderate, high and very high
groundwater potential zones and all identified points was drilled and the boreholes was very
productive, which were used to validate the accuracy of the groundwater potential map. M-
formula was used to determine the groundwater yield index value to model the groundwater
yield map. All the result obtained has been found to be very relevant in groundwater
evaluation of the study area and thereby justifying the relevance of LRP as a major tool in
groundwater exploration before carrying out VES.

1. Introduction

and development. Therefore, where there is lack of tools and

The challenges facing scientist especially geoscientists in  the scientist must make an impact in an ever-increasing
developing countries such as Nigeria is very daunting in the challenging world, the capacity for survival becomes
face of lack of adequate facilities and equipment for research  inevitable. The scientists and researcher are faced with a
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herculean task of proving his worth in order to be of service
to immediate society and to make necessary contributions for
the development of environment and humanity in general
(Oyedele et al., 2020). Obviously, the need for creativity,
innovations and ingenuity comes into play, where a
researcher must make an impact for the development of
society in this chosen field of study. Where there is clear wide
gap in terms of provisions for equipment, materials and
research facilities. This research effort was carried out as a
way to fill this wide gap, especially in an attempt to make
water available for domestic, agriculture as well as industrial
usage through exploration and exploitation of water
resources in a typical crystalline basement complex
environment of southwestern Nigeria (Oyedele, 2019;
Ozegin et al., 2019; Tlugbo et al., 2019; Bawallah et al., 2020).

Public water utilities and dam for irrigation are fast becoming
things of the past to be able to strike good success in the
search for water (Alabi et al., 2019). It is important to engage
complimentary exploration tools such as ground magnetic,
electromagnetic, seismic refraction and electrical resistivity
methods to be able to properly define structural setting,
depositional nature, structural trends and layer stratification
for a proper evaluation of basement rock for groundwater
exploration and exploitation (Olorunfemi et al., 1991; Ilugbo
and Adebiyi, 2017; llugbo et al., 2018a; Bawallah et al., 2018;
Adebo et al., 2018; Adebo et al., 2019). But most times, the
research is seriously handicap by lack of facilities, where only
one equipment is available to carryout investigation instead
of using different equipment’s; such was the situation of this
research work.
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Fig. 1. (a) Map of Nigeria and Ondo State showing Akure Metropolis, (b) Map of Akure Metropolis showing the location area (c) Location map showing

the study area

However, very worrisome that often rather than run a
compressive survey using innovation and creativity, most
researchers rather result to random sampling approach using

only VES technique. This is rather unscientific and it is taking
us to nowhere in crystalline environment with complex
geology. Therefore, there is the very need to fill this gap
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through LRP tools using wenner profiling or dipole-dipole to
delineate geology structures that maybe favourable to
groundwater accumulation and sustainability before
embarking on the VES technique as a follow up. Therefore,
this approach has been adopted in this study for a
compressive groundwater evaluation, exploration and
exploitation within Akure metropolis, Southwestern
basement complex region of Nigeria.

2. Site Description and Geology of the Study Area

The study area falls within Akure metropolis, Ondo State,
Southwestern Nigeria. It lies between latitude 798000N to
810000N and longitude 734700E to 746200E (Fig. 1). It is
well accessible through several road networks within and
around the study area. The study area can be described as
moderately undulating and the drainage pattern is dendritic.
The study area is underlain by rocks of the Precambrian

Basement Complex of Southwestern Nigeria (Rahaman,
1989).
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Fig. 2. Geological map of the study area

The geological mapping and other related studies of the area
around the Akure Metropolis have been carried out by
several workers amongst who are (Owoyemi, 1996;
Olarewaju, 1988; Odeyemi et al.,, 1999; Aluko, 2008;
Slomczynska, 2004; Adebiyi et al., 2018). The area around
the Akure Metropolis is underlain by eight petrological units
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of the Basement Complex of Southwestern Nigeria identified
by (Rahaman, 1988) and also described by (Olarewaju, 1988;
Rahaman, 1988; Aluko, 2008). These are migmatitegneiss,
quartzite, charnockitic, biotite gneiss, migmatite gneiss, pelti
schist, granite gneiss and porphyritic granite (Fig. 2).

3. Methodology

Two techniques were adopted for this research work; the
LRP techniques using wenner configuration was engaged as
a tool in place of susceptibility or conductivity or density
contrast for the reconnaissance survey to delineate structural
settings/trends and depositions, while the VES technique
was engaged using schlumberger configuration for
geoelectric sequence/layer stratification (Fig. 3).
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Fig. 3. Data acquisitions map of the study area

The LRP was carried out in twenty (20) locations within the
study area and thirty-three (33) VES points were selected on
the basics of zones of resistivity contrasts (weak zones). The
weak zone delineated from the LRP result was used to model
anomalous zone map while the results obtained from VES
were used to determine the second order parameters (Dar-
Zarrouk). The Dar-Zarrouk parameters obtained from the
first order parameters (geoelectric parameters) which are
Total longitudinal unit conductance (S), Total transverse unit
resistance (T), and coefficient of anisotropy (A) using below
mathematical expressions.
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Nk, 1 :
S = Z‘; p_ (Q'or Siemens) (1)
and
N 2
T =3 p,h @) @

i=1

When a number of layers with thicknesses of hi, h,, hs,
transverse resistances of T, T, Ts, ....., and conductance of
Si, S,, Ss, respectively, are involved in a geoelectrical section,
their total longitudinal conductance (S) or total transverse
resistance (T) may have to be considered (Murali and
Patangay, 1998) and are given by:

S=8+8, +S;+.cue.e. where _h 3)
P
and
T=T+T7 +T+...... where T/ =h p (4)

If the total thickness of the layers in the geoelectrical section
considered is H, then the average longitudinal resistivity O is
given by:

. L hi
pp=2i= 5i )
and the average transverse resistance p; is given by:
_qn
pe =i =1- (©6)

where p; is always greater than p;. Therefore, the entire
section will thus be always anisotropic (Singhal and Niwas
(1981). with regard to electrical resistivity. The coefficient of
electrical anisotropy is defined as:

1= VE
pl

(7)
Integration geophysical parameters were used to develop a
groundwater potential model for the area. In this present
study, the choice among a set of zones for evaluation of
groundwater prospect has been based upon multiple criteria
such as coefficient of anisotropy, overburden thickness,
aquifer resistivity, aquifer thickness and geological. The
process is known as MCDA using analytic hierarchy process
(AHP).

For a Multi-criterial Modelling, firstly a template has been
created by identifying the quadtrees used in the analysis. The
number of inputs quadtrees that can be selected is reduced to
one less than the total number. A default weight is calculated
by dividing 100 by the number of quadtrees used in the
overlay and is assigned to each quadtree class (Chowdhury et
al., 2009; Ewusi et al., 2009; Lee et al., 2012; Adiat et al.,
2013; Ilugbo et al., 2018a). Each class is labeled with the short
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legend title taken from the input quadtree. Different
categories of derived thematic maps have been assigned
scores in a numerical scale of 1 to 5 depending upon their
suitability to holding capacity of groundwater (Eastman,
1996; Navalgund, 1997). A summation of these values led to
the generation of final weight map. Mathematically, this can
be defined as:

GW =f(CA, OT, AR, AT, G) (®)
where, GW is groundwater, CA is coefficient of anisotropy,
OT is overburden thickness, AR is aquifer resistivity, AT is
the aquifer thickness and G is geological map. The weighted
linear combination (WLC) is applied according to the
following equation to estimate the Groundwater Prospect
Index (GWPI). This technique is usually specified in terms of
normalized weightings (w) for each criterion as well as rating
scores (R) for all classes relative to each of the criteria. The
final utility GWPI for each option O;is then calculated as
follows:

GWPI = WiR: )
where, GWPI is the groundwater potential index value Wi is
the weight (w) of parameter 1 and R; is the rating score (R) of
parameter i. Therefore, the groundwater prospect index
(GWPI) for each location was computed using

GWPI = CAwCAr + OTwOTr + ARARr + ATwATr + GwGr 10)
The subscripts w and R indicate weights and ratings for each
parameter. Also, the groundwater yield, Y of the study area
was determined using M-formula (Bawallah et al., 2018;
Tlugbo et al., 2018b). The relationship is shown as:

Y=AxT an
4. Results and Discussion
4.1. LRP
All the horizontal profiling was taken along E — W directions,
Location 1 (Fig. 4a) cover a distance of 75 m. Three (3) major
weak zones (anomalous zone) constituting region of
resistivity contrast were identified which is a diagnostic of

fracture, fault, joints, crack or zones of highly weathered
geologic materials at distance of 15 m, 45 m and 75 m.

These points are the regions considered for further
investigation in other to define the nature and extent of
anomaly using VES. The same approach was carried out in
Location 2 (Fig. 4b) but contrary to the situation obtained in
Location 1, the apparent resistivity was generally low. The
profile three was characterized by generally low apparent
resistivity with variation between 30 Qm to 130 Om (Fig. 4c).

The profile was indicative of the presence of highly
weathered crystalline basement rock that has probably
weathered into clay and for the purpose of comparison; two
zones were considered for further investigation. These were
region of moderately high and low anomalous zone at a
distance of 30 m and 50 m with resistivity of 60 Qm and 40
Qm.
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Location 4 (Fig. 4d) was characterized with resistivity
variation ranging from 240 to 400 Qm and there was no
observable major or minor anomalous zone indicated along
this profile. However, the region of lowest resistivity at
distance of 2 m was considered.

Location 5 (Fig. 4e) cover a distance of 50 m with three
anomalous zone of resistivity contrast which occurred at 10
m, 20 m and 30 m. the major anomalous zone was observed
at 10 m. The region of lowest apparent resistivity anomalous
zone was observed at 30 m in Location 6 (Fig. 4f) with
resistivity of 800 Qm. Two zones/region were considered at
Location 7 (Fig. 4g) at a distance of 20 m and 30 m.

Location 8 (Fig. 4h) was characterized with two major zones
of resistivity contrast which occurred at a distance of 30 m,
35 m. Two major resistivity contrast (anomalous zones) were
observed at Location 9 (Fig. 4i) at a distance of 10 m and 40
m. The entire location is generally not suitable for
groundwater prospecting but two observable major zones of
anomaly were identified.

Location 10 (Fig. 4j) was characterized by apparently low
resistivity with one major zone of resistivity contrast
occurring at 15 m. The major zone of resistivity anomaly
(weak zone) was obtained at 20 m at Location 11 (Fig. 4k).
Location 12 (Fig. 41) exhibited generally low resistivity
throughout the entire profile with resistivity variation ranging
between 42 to 50 Qm, reflecting that the area was
predominantly clayey in nature which is indicative of low
groundwater prospect. Therefore, the highest point of
resistivity contrast of 50 Qm was considered. Two anomalous
zones were identified at a distance of 30 m and 55 m within
Location 13 (Fig. 4m).

Location 14 (Fig. 4n) was characterized by resistivity
variation between 120 to 180 Om, with a downward trend
obtained from the midpoint of the profile which indicate
increase in weathering and fracturing activities towards the
western end of the area. This implies that prospecting for
water will be most probably better from the mid-point and
toward the western plank with two major resistivity contrasts
was identified at 20 m and 35 m.

The profile exhibited moderately high resistivity with
resistivity variation ranging between 250 to 350 OQm at
Location 15 (Fig. 40). Two major zones of interest/region of
anomaly were observed at 5 m and 30 m while the entire
profile has highly resistive geologic materials with resistivity
variation between 320 to 420 Qm at Location 16 (Fig. 4p)
with weak zone indicated at 25 m.

Location 17 (Fig. 4q) showed one major and minor
anomalous zone diagnostic of fracture/highly weathered
geologic materials with resistivity variation of 160 Qm and
235 Qm while the major and minor zones of resistivity
anomaly were identified. The profile displayed moderately
high apparent resistivity while resistivity distribution reduces
gradually towards the western part of the study location (Fig.
4r) and the weak zone was observed at a distance of 35 along
the profile.
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Fig. 4s shows high resistivity which is indicative of the
presence of near surface horizon crystalline basement rock
and the anomaly point of interest was obtained at a distance
of 25 m along the profile. Four major points of anomalous
zones were observed at Location 20 at a distance of 2 m, 20
m, 40 m and 50 m (Fig. 4t). The anomalous zone at 2 m was
considered to be the better prospect for groundwater with
resistivity of 120 Om. The entire anomalous zone (weak
zones) across the entire location areas were subjected to
further investigation using VES.
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4.3.2. Geoelectric and Lithological Characteristic within
the Study Location

The geoelectric sections were represented by the 2-D view of
the geoelectric parameters (depth and resistivity) derived
from the inversion of the electrical resistivity sounding data.
The geoelectric section cut through SW-NE and NW-SE
directions within the study location (Fig. 8).
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The geoelectric sections along SW-NE and NW-SE
directions identified three to five geoelectric/geologic
subsurface layers within the area (Figs. 9a to 9d). From the
geoelectric section, the topsoil, weathered layer, weathered/
fractured basement and fresh basement were determined.
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4.4.1. Aquifer resistivity map

Fig. 10 shows aquifer resistivity map with four distinctive
aqueferous zone. Area characterized by low resistivity
aquifer zone located at the fringe of the eastern, western and
southwestern part. Region of moderate aquifer resistivity
with value ranging from 100 to 150 Qm was indicated at
fringe of southern, southwestern and a small closure at the
northern part.
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4.4.3. Overburden thickness map

The overburden thickness in this study is assumed to include
the topsoil, the weathered layer and fractured basement.
Hence the established depths to bedrock beneath all the VES
stations were used to produce the overburden thickness map
(Fig. 12). The overburden thickness varies from 6.7 m to 39.9
m. The map shows areas of high overburden thickness in the
northwestern, north eastern, central and a small closure at the
southeastern parts which favors the ground-water resources
in the area particularly when underlain by weathered/
fractured basement and fractured bedrock. These areas
correspond to basement depressions which are groundwater
convergent zones. Hence, they are relatively good prospect
for groundwater development.
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The map was categories into four groundwater prospect
region which were low, moderate, high and very high while
area with high and very high values of coefficient of

anisotropy suggests that the fracture system must have
extended in all the directions with different degrees of
fracturing, which had greater water holding capacity from
different directions of the fracture(s) within the rock resulting
in higher porosity.

4.6. Modeling of groundwater potential

The groundwater potential rate (R) gives the ranges of
groundwater storage potentiality within each parameter.
Each parameter was classified and rated. However, since
resistivity and thickness do not have the same units, a unified
scaling technique was adopted in rating these parameters
according to their degree of influence on groundwater
occurrence (Adiat et al., 2013; Ilugbo et al., 2018b).
Therefore, different range of values or features should have a
different rating (R) in a scale according to its importance in
accumulating groundwater. In this study, each parameter has
been scored in the 1-5 scale in the ascending order of
hydrogeologic significance. However, the resistivity range of
any given rock type is wide and overlaps with other rock
types. Coefficient of anisotropy, overburden thickness,
aquifer resistivity, aquifer thickness and geology in the area
were considered to obtain the classifications and ratings
shown in Table 1. The groundwater potential index obtained
for each location was interpolated, using inverse distance
weighting (IDW) techniques in ArcGIS 10.5 to produce the
groundwater potential map shown in Fig. 16 and the zones
are summarized in Table 2. The groundwater potential map
further assisted in better understanding as well as evaluating
the groundwater prospect of the study area with small closure
at the northern and eastern parts has the highest prospect for
groundwater. Majority of the area was characterized as
moderate to high groundwater prospect with small closure at
western and northeastern part has a low groundwater
prospect.

Table 1. Probability rating (R) for classes of the parameters

Influencing factors Category (Classes) Potential of groundwater storage Rating (R) Normalized weight (W)
1.0-1.1 Low 2
. . 1.1-1.2 Moderate 3
Coefficient of anisotropy 12-19 High 4 0.41
Very High 5
0-100 Low 2
. L 100 - 150 Moderate 3
Aquifer resistivity 150 — 250 T 4 0.27
250-374 Moderately low 3
6.7-10 Very Low 1
. 10-15 Low 2
Overburden thickness 15-20 Moderate 3 0.16
20-39.9 High 4
0-5 Very Low 1
. . 5-10 Low 2
Aquifer thickness 10-15 Moderate 3 0.11
15-36.5 High 4
Biotite Gneiss 2
Charnockite 2
Granite Gneiss 2
Geology Migmatite Gneiss 3 0.05
Polfic Schist 2
Porhyritic Granite 3
Quartzite 3
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Table 2: Groundwater potential classifications

0.69 - 1.5 Low
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4.7. Groundwater yield map Groundwater Yield Map Moderate Drainage
M-formula was used to determine the groundwater yield High Road

index which was used to model groundwater yield map of the
study area which has been able to combine all variable factors
associated with groundwater prospect (Fig. 17). The small
closure at the Eastern, Northwestern and Southeastern parts
has very high and high groundwater yield while most of the
remaining area has moderate yield expect a small closure at
the Eastern and Southwestern parts has low groundwater
yield.

5. Conclusion

The study has revealed the usefulness of apparent resistivity
contrast as a viable tool for structural mapping to compensate
for magnetic, electromagnetic, gravity and seismic refraction
for groundwater exploration. Due to the complex geology of
a Typical Crystalline Basement Complex, as in the case of
Southwestern Nigeria, random VES is not enough in search
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Fig. 17. Groundwater yield of the study area
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