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ABSTRACT

Noninvasive geoelectrical subsurface characterisation provides screening of the earth medium to
resolve complexity in subsurface geology caused by inhomogeneity of the overburden strata and
bedrock architectures. The subsurface geological, hydrogeophysical and engineering conditions of
Etioro-Akoko, southwestern Nigeria, were investigated using electrical resistivity tomography (ERT).
This was aimed at unravelling the hydrogeodynamic and litho-structural complexity that are
responsible for low groundwater yield in wells/boreholes and foundation failures. Field 2D resis-
tivity data sets of the study area were inverted and used to produce geotomographic models for
detailed insights into the complex subsurface geological setting. Results of the 2D resistivity
inverted models showed three to four distinct layers; the topsoil, weathered layer, partially
weathered/fractured bedrock and fresh bedrock. Bedrock structures occasioned by fracturing and
deep weathering of the bedrock were delineated with resistivities and thicknesses ranging from 40
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to 950 Om and 10-25 m, respectively. The fracture systems; F1, F2, F3, F4 and F5 in NW-SE, NNW- modelling

SSE, NE-SW and ENE-WSW orientations act as the major groundwater collecting centres in the area.
The orientations and geometries of these geologic features are the manifestations of structural
deformation of the underlying geology. Fourteen hand-dug well and four borehole points were
proposed based on the ERT results. Conversely, the localised bedrock structures and oscillating
bedrock topography were suggestive of potential threats to the foundations of engineering
structures in the studied area. Reinforcement of concrete foundations at certain sites where ERT
suggested that the underlying strata were not capable of bearing loads was recommended as well.
This study has offered a detailed understanding of the subsurface geological disposition for
sustainable groundwater development and siting of durable civil engineering structures in the
studied area and other areas with typical complex geological settings.

1. Introduction

Karim and Tucker-Kulesza 2017; 2018) which have made
ERT very useful for lateral and vertical subsurface geolo-
gical characterisation. ERT technique measures bulk
earth’s resistivity information rapidly and effectively with
higher resolution than the conventional geoelectrical and
geotechnical probing techniques.

ERT offers continuous profiling of the earth medium
and characterisation of soil constituents, vadose zone,
thicknesses of strata/overburden covers, bedrock topo-

Groundwater is the major source of freshwater to man for
survival, and it plays immeasurable roles in domestic,
agricultural and industrial activities, among others. The
groundwater productivity in wells/boreholes and the sit-
ing of durable civil engineering structures depend on the
favourable subsurface geological setting. Concealed sub-
surface geologic structures, such as weathered troughs,
grabens, seepage zones and open-to-surface fractures,
which act as conduits and storage for groundwater and

threats to the foundations of civil engineering structures
can efficiently be delineated through electrical resistivity
method.

Electrical resistivity tomography (ERT) is a noninvasive
technique that has become increasingly useful in near-
surface geophysical investigations, especially for hydrogeo-
logical and geoengineering purposes. Various authors have
described the relationships between electrical resistivity
and geologic features, such as lithological unit and weight,
soil water content, grain size distribution, pores and fluid
saturating fills (Abu-Hassanein et al. 1996; Hassan 2014;

graphy and structures for sustainable groundwater
exploitation (Daily et al. 1991; Arora and Ahmed
2011; Arora et al. 2016; Uhlemann et al. 2017; Amaya
et al. 2018; Costall et al. 2018; Akingboye et al. 2019;
Hojat et al. 2020; McLachlan et al. 2020), as well as
information about soil properties pertinent to engineer-
ing studies (Abu-Zied 1994; Ganered et al. 2006;
Robineau et al. 2007; Wisén et al. 2008; Osazuwa and
Chii 2009; Ngan-Tillard et al. 2010; Maslakowski et al.
2014; Mao et al. 2015; Maurits et al. 2017; Abudeifa et al.
2019; Akingboye et al. 2020), particularly in complex
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geological areas. The technique also plays important
roles in geology and other large-scale site characterisa-
tion (Nguyen et al. 2005; Dahlin et al. 2007; Bery and
Saad 2012; Binley et al. 2015; Bernardinetti et al. 2018;
Dahlin and Loke 2018; Gourdol et al. 2018; Mita et al.
2018). The geotomograms of ERT can sufficiently
delineate subsurface boundary conditions and also
resolve difficulties with the mapping of complex struc-
ture and structural artefacts (Lok et al. 2013; Carey et al.
2017; Akingboye and Ogunyele 2019).

The study area in the town of Etioro-Akoko has
peculiar complex subsurface characteristic features.
Its overburden development is poor and hence,
makes groundwater yield generally low in hand-dug
wells and boreholes. This effect and the localisation
of few fractures/faults cause failures of boreholes and
wells, thereby making sufficient groundwater exploi-
tation very difficult for the inhabitants relying on this
resource as their major source of freshwater in this
area. The long dry season spell from November to
March/April also contributes to this problem by
totally drying up most streams and wells in the
area. Furthermore, it has been observed in the
study area that foundation threats in civil engineer-
ing structures particularly road pavements (Figure 1)
may be premised on the nature of the incompetent
overburden strata, water saturating fills and rugosity
of the bedrock topography. These effects combined
have led to unnecessary waste of financial resources.
Therefore, there is a need for detailed and adequate
information on the nature of the subsurface geologi-
cal condition that is responsible for low groundwater

yield in wells/boreholes and foundation failures in
the study area.

The complexity of the subsurface geological condi-
tions of the study area has been studied by some
researchers like Akingboye et al. (2019; 2020) basically
on small scale from two traverses using ERT.
Akingboye et al. (2019) conducted a survey around
the two mostly used boreholes in the study area to
delineate the hydrogeological features and depths of
aquifers responsible for their groundwater yield. In
their other study (2020), they investigated the subsur-
face geoengineering defects along the substrate of
Etioro-Akoko highway, to properly delineate the sub-
surface geological characteristics responsible for the
pavement failure of the highway in this area. These
studies were not sufficient to fully understand the
subsurface hydrogeophysical and engineering charac-
teristics of the subsurface strata, including the subsur-
face litho-structural architecture on large scale.

In this study, we employed ERT on a large scale to
characterise and provide a detailed understanding of
the subsurface litho-structural, hydrogeophysical and
engineering dynamics of Etioro-Akoko area. The
specific objectives of this study include the delinea-
tion of the subsurface litho-structures and their
thicknesses; nature and depths of aquifers; produc-
tive groundwater zones, and bedrock architectures in
order to propose suitable locations for siting of pro-
ductive wells/boreholes for sustainable groundwater
abstraction and identifying of stable/competent
strata to avert foundation/pavement failures in the
study area.

Figure 1. Images showing some of the defected engineering structures in the study area. The red arrows indicate reinforce-
ments (concrete patching and buttress supports), while the red circles show the sections of the highway with pavement

defects.



2. Location and geological setting

Etioro-Akoko is located in the northern part of
Ondo State, southwestern Nigeria. It lies between
latitudes 07°26" and 07°27" N and longitudes
005°43" and 005°44" E (Figures 2 and 3). The area
falls within the tropical rainforest belt of Nigeria
with the tropical wet and dry climates. The annual
mean rainfall varies between 1000 mm and
1500 mm, with its peaks in July to September,
while the dry season starts around November and
ends by March/April. The topographic relief of the
area ranges averagely between 280 m and 350 m
above mean sea level, and it is characterised by
hills, low-lying outcrops, plains and valleys. The
drainage system in the area is characterised by
seasonal streams that formed dendritic patterns,
except in few places with trellis patterns.

The Precambrian Basement Complex rocks of
Etioro-Akoko area form a part of the southwestern
Nigerian Basement Complex. Precambrian Basement
Complex of Nigeria is located within the Pan-African
Trans-Saharan mobile belt between the West African
and Congo Cratons and to the south of the Tuareg
Shield (Woakes et al. 1987; Kroner et al. 2001; Obaje
2009; Goodenough et al. 2014) (Figure 2(a)). It com-
prises three major lithological groups; the Migmatite-
Gneiss Complex, the Schist Belts and the Older
Granites which intruded the former two groups
(Figure 2(b)).
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Etioro-Akoko with its environs is underlain by the
Migmatite-Gneiss Complex of the Precambrian
Basement rocks of southwestern Nigeria. The granite
gneissic rock is the predominant lithological unit in
the study area as observed from detailed field geologi-
cal mapping, and it is shown in Figure 3 (geological
map of Etioro-Akoko combined with the geological
map of Akungba-Akoko in the work of Ogunyele et al.
2019). The granite gneiss of Etioro-Akoko, which
extends to other parts of Akungba-Akoko area is
weakly to moderately foliated, light grey, medium to
coarse-grained in nature, with a blastoporphyritic to
porphyroblastic fabric based on field observation. This
rock is composed of alternating bands of light-
coloured minerals (quartz- and feldspar-rich) and
dark-coloured minerals rich in biotite, hornblende
and other ferromagnesian minerals. The rock mainly
trends WNW-ESE to ENE-WSW with moderate to
steep dips to the south. The granite gneiss shows
evidence of vein quartz and quartz lenses, and other
intrusives, such as pegmatites, basic dykes and sills,
giving the gneiss a migmatite form. This rock had
undergone a series of tectonic deformations, which
created both simple and complex structures compris-
ing of folds, fractures and sheared zones. Since this
granite gneiss is similar in forms, textures and colours
to that found around Akungba-Akoko, it is likely that
it has a similar chemical composition as reported in
(Ogunyele et al. 2019).
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Figure 2. (a) Regional geological map of Nigeria within the Pan-African mobile belt between the West African and Congo Cratons.
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Figure 3. Geological map of Etioro-Akoko and its environs, Ondo State, southwestern Nigeria.

3. Materials and methods
3.1. Field measurements

A reconnaissance geological survey employed involves
the field mapping of the various rock types and the
identification of suitable places for geophysical traverses
in the study area. Through this, insight into the selection
of suitable array type for the geophysical investigation
was gained. Data were acquired along ten (10) traverses
(TRs) in the study area (Figure 4(a,b)). Four traverses
comprising TRs 1, 2, 3 and 8 were laid approximately
parallel to one another at the western side of the major
road. TRs 4, 7 and 10 were laid in approximately
E-W direction. TRs 5 and 6 were laid approximately
NS along the eastern shoulder of the major road to cut
through TRs 1, 3, 4, 7, 8 and 10. TR 9 was established in
NS direction to cut through TRs 8 and terminated about
15 m before getting to TR 3. All the traverses were
carefully established away from underground utilities,
such as underground pipes and cables, and trenches in
order to annul the effects of underground artefacts from
such features.

A spread length of 200 m with a spacing of 5 m
between station electrodes was employed for each geo-
physical traverse, and the resistivity data were acquired
using an ABEM Lund Resistivity Imaging System. This

electrode spacing was employed for higher depth pene-
tration in order for the bedrock structures and architec-
ture to be mapped. The Wenner array protocol was
selected for the tomographic survey, because of its low
sensitivity to noise (Loke 2004; Akingboye and Ogunyele
2019). Measurement procedures were repeated for other
traverses after the completion of one profile. A single
tomographic imaging technique was adopted instead of
the roll-along techniques for TRs 1 and 5, with spread
length longer than 200 m and TRs 2 and 6 were estab-
lished as their extension, respectively. This method was
adopted to optimise the level of signal-to-noise ratio in
order to achieve high-resolution inverse resistivity mod-
els with no distorted structures arising from artefacts and
cultural/self-potential noise due to the complexity of the
subsurface geology. In addition, the reduction in the
amount of penetrating current with respect to increasing
electrodes spacing and probing depths was also a possible
effect.

The coordinates and elevations of respective elec-
trodes position were also taken for the purpose of the
topographic and resistivity geotomographic model-
ling, and to serve as a guide for selecting the actual
points for wells/boreholes and civil engineering struc-
tures that are to be sited in the future. The surveyed
area covers a total area of approximately 2.6 km?,
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Figure 4. (a) Data acquisition map of the study area showing all the geophysical traverses and existing boreholes and wells. (b)
3-dimensional (3D) electrode array diagram showing the surface relief of the study area, geophysical traverses, and the positions
of the electrodes along each traverse. Inset: location map of Ondo state showing the study area.

which is approximately 70% of the area occupied by
the inhabitants. This investigation was the largest ever
performed in the study area and surrounding commu-
nities. This large-scale approach was adopted in order
to achieve detailed and realistic subsurface geological
information to fully address the specific objectives of
this study.

3.2. Field data processing, inversion and
modelling

The acquired field resistivity data sets were processed
and inverted using RES2DINVx64 software. Bad data
points having extremely high or low resistivity thresh-
old values when compared with surrounding stations
were removed, and the resulting data were iteratively
inverted. This inversion process involved forward mod-
elling and data inversion with well-modified inversion
parameters to determine the true subsurface resistivity
distribution using the least-square inversion method.
The least-square inversion uses a mathematical inverse
problem that determines the subsurface resistivity dis-
tribution from measurements of apparent resistivity
datasets. This inversion technique attempts to produce
a subsurface-inverted model that agrees mostly with the
field apparent resistivity measurements based on the
predefined numbers of iterations for convergence.

For this study, the adjusted parameters included
model refinement using cell widths of half electrode
spacing for optimum results. This technique divides
each of the cell blocks with original unit electrodes
spacing of 5 m into half (i.e. 2.5 m). This process takes
into consideration the subsurface layers at the near-
surface depths because the depths of engineering
structures particularly roads rarely exceed the near-
surface strata, except investigations for siting of high
rise buildings/superstructures. Finite-element method
of 4 nodes and L;-norm was employed for more accu-
rate-calculated apparent resistivity and stable inver-
sion models. The vertical/horizontal flatness ratio
filter of 0.5 was used for better resolution of anomaly
appearances. The damping factor of 0.1 with
a minimum of 0.02 (one-fifth of the initial value) was
also adopted to stabilise the inversion process and to
increase the certainty that the identified anomalies
actually exist (deGroot-Hedlin and Constable 1990;
Loke 2004). Inverse model convergence RMS/Abs
error limit below 10% was chosen for a maximum of
10 iterations. The convergence of the resistivity model
was monitored critically from the fifth iterations for
a better result, because inverted resistivity model with
the lowest convergence limit may sometimes not give
the required ideal subsurface geological structures and
anomalies.
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Other software packages used in this work included
the use of Oasis Montaj"™ and Geosoft Surfer™ for
production of the 2- and 3-dimensional (2D and 3D)
geotomographic maps and models as well as profiles
for detailed subsurface interpretation.

3.3. Interpretation criteria

The information relating to the thicknesses of the
overburden sequence derived from stream channels,
failed wells with depth to fresh bedrock of less than
2 m, and other shallow hand-dug wells were used to
constrain the ERT results to delineate respective
layers in relation to their resistivity values. Our inter-
pretation also used information contained in the
works of Akingboye et al. (2019; 2020). In the 2D
inverse model resistivity sections, the resistivity pat-
terns with values below 150 Qm were interpreted as
the surficial clayey topsoil, while the low to inter-
mediate resistivity patterns for the second near-
surface strata were interpreted as the weathered
layer. High resistivity values generally in excess of
1000 Om was interpreted as the fresh bedrock (basal
unit). The partially weathered/fractured bedrock, the
third layer, exists between the weathered layer and
the fresh bedrock. The weathered bedrock troughs

and fractures were interpreted as the conduits for
groundwater in the study area.

4. Results and discussion

The 2D inverse model resistivity sections of the study area
(Figure 5(a-j)) generally show three to four distinct sub-
surface layers based on the observed low to very high
resistivity values. These layers include the surficial clayey
topsoil, clayey- to sandy-rich-weathered layer (second
layer), partially weathered/fractured bedrock (third
layer), and fresh bedrock, with resistivity values of
<150 Om, 10-650 Om, 200-950 Om and >1000 Qm,
respectively. However, the partially weathered/fractured
bedrock layer is absent in some profiles. The thickness
values of the first, second and third layers across the area
range from 0.2 to 2.5 m, 2.6-15 m and 10 - >25 m,
respectively.

The inverse model resistivity section of TR 1
(Figure 5(a)) is characterised by deep weathered
troughs in stations 18-65 m and 170 m westward,
and a fracture (F1 - F’'1) between stations 100 m and
122 m. These features extend to depths >20 m. TR 2
(Figure 5(b)) is characterised by a layer of clayey to
hard-pan lateritic topsoil with thickness ranging
from 0.69 to 2.2 m. Stations 48 m, 68-120 m and
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150 m westward are characterised by subrounded to
elongated lenticular-weathered soil constituents with
a thickness of about 20 m. This feature and the deep
weathered trough of thickness >25 m, extending from
station 145 m westward, are concealed by an over-
lying hard-pan lateritic soil. TR 3 (Figure 5(c)) mir-
rors a sequence of partially weathered troughs in
stations 8-20 m, 30 m, 47 m and 145 m, and
a deeply weathered trough at stations 120-126 m;
these features have thicknesses of about 10.5 m
each. The latter zone is suggestive of progressive
weathering due to the water-filled conically formed
structure. TR 4 (Figure 5(d)) shows a thin overbur-
den cover with low to intermediate resistivity over-
lying the fresh bedrock. The fresh bedrock segmented
the overburden in stations 98-107 m into approxi-
mately equal halves. The western half shows two
features — an elongated plunging structure, which
we have interpreted to be water-filled. It extends
from the nearly vertical bedrock scrap and the
inclined trough-like structure in station 110 m and
155-185 m, with thicknesses of 12 m and >20 m,
respectively. The other eastern half shows similar
features, but with shallower depths. The deeply
weathered trough in section 155 m at the western
flank of this traverse is suggestive of water-seeping
channel migrating through the down-thrown frac-
tured bedrock.

Along TR 5 (Figure 5(e)), the partially weathered/
fractured bedrock interspersed the weathered layer at
stations 65 m, 92 m, 105 m, 122-132 m and 170 m,
producing curve to lenticular-shaped structures with
in-filled weathered materials. Two different concur-
rent fractures: F2 — F2 and F3 - F’3, are evident
between stations 47-55 m and 65-88 m, respectively.
These fractured zones with depths >24 m segmented
the fresh bedrock into northern and southern sections.
Both segmented bedrock slabs dip gently with axial
planes in the same direction as the two fractures at
stations 45 m and 85 m, respectively. Similarly, along
with TR 6 (Figure 5(f)), the bedrock surface shows
variable patterns attributed to the foundation of the
existing bridge at the depth range of 0.5-5 m in sta-
tions 8-25 m. It also shows oscillating bedrock troughs
in stations 12-23 m, 32-48 m, 65-110 m and
156-178 m, and a deep fracture (F4 - F’4) between
stations 122 m and 135 m. These features act as path-
ways for infiltrating water. The fracture fragmented
the fresh bedrock into a segment extending from sta-
tion 120 m to the northern end of the traverse and
a southern segment with a partially weathered base
which is bounded by an elongated bedrock trough. TR
7 (Figure 5(g)) shows evidence of deep weathered
bedrock troughs (<450 Qm) extending to depths
>25 m and 12 m in stations 85-128 m and 160 m,
respectively. In addition, a series of contemporaneous
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fractures; F5 - F’5 and F6 — F'6 occurring between
stations 145 m and 158 m discontinued the fresh
bedrock.

TR 8 (Figure 5(h)) is characterised by generally
thin-weathered layer, with exception of stations
110-145 m having depths of about 10 m. The
fresh bedrock underlying this layer depicts approxi-
mately flat topography with no structural feature.
The fresh bedrock, however, extends to the near-
surface in stations 82 m and 148 m. The bedrock
underlying TR 9 (Figure 5(i)) depicts almost similar
resistivity patterns. The resistive bedrock extending
from the near-surface to the basal part of the
inverted model demarcates the overburden to
form troughs in stations 12-40 m and 78-98 m.
Interestingly, the resistivities and thicknesses of the
subsurface materials in stations 172 m, 185 m and
the western ends of TRs 8, 1 and 3, respectively, are
similar to those observed at the points where they
all intercepted TR 9. TR 10 (Figure 5(j)) shows that
the underlying bedrock is characterised by circular
to oblique highly resistive bodies which are prob-
ably dykes. This bedrock is less resistive, and it was
caused by the progressive weathering which was
responsible for the formed varying weathered bed-
rock troughs between stations 62 m and 95 m and
a thin-weathered bedrock slab extending from sta-
tion 130 m westward. The deep multiple fractures
(F7 - F'7 and F8 - F’8) indicated between stations
136 m and 155 m also contributed to the reduced
bedrock resistivity compared to the sections with
dykes. The base of these fractured zones from
depth 16 m is marked by low resistivity (<150 Qm).

In an attempt to have a broader and clearer picture
of the subsurface resistivity distribution as interpreted
in the ERT tomograms of the study area, 2D resistivity
depth slices (Figure 6(a-f)) were produced from the
inverted ERT results. The maps were inverted from
resistivity values picked from the ERT tomograms at
every station starting from the surface depths (<1 m)
to 25 m at an interval of 5 m. Figure 6(a) shows the
depth slice of the layer at depths 0 - <1 m. it shows
that the western, eastern, and the extreme north and
parts of the central and southern sections of the map
are characterised by highly resistive soil constituents
(>1000 Qm) consisting of lateritic soil and outcrop-
ping bedrock. The central anomalously low to moder-
ate resistivity values (<200 Qm) with NE-SW
orientation as seen in Figure 6(a,b) suggest clayey to
sandy soil constituents. The water table around this
section ranges between depths of 2 m and 3 m as
observed in wells and this has contributed to the
observed low resistivity values. But as the depth
increases from 10 to 25 m (Figure 6(c-f)), the resistiv-
ity also increases due to the declining rate of weath-
ering and fracturing.
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Figure 6. 2D inverted resistivity depth slice map of the study area at depth: (a) 0 — <1 m (top layer), (b) 5 m, (c) 10 m, (d) 15 m, (e)
20 m and (f) 25 m. The maps depict the spatial distribution of the subsurface resistivities at various depths. The traverse lines were
superimposed on map “A” to show the constraint of data sets to their exact position.

The delineated highly resistive anomalous sections
showing an increase in anomalous sizes with increas-
ing depths in Figure 6(a) are consistent throughout
the other 2D inverted resistivity depth slice maps of
the study area. As the depths of investigation increase
above 5 m as shown in Figure 6(c-f), the western ends
with the initial high resistivities, however, show very
low resistivity anomalies due to the variability of the
soil profiles and weathering condition. This change
in resistivity response indicates that the two near-
surface strata in Figure 6(a,b) are lateritic in nature;

these strata are capable of serving as a protective
medium for the aquifers against contamination. The
southeastern flank of this area characterised by dis-
continuities within the highly resistive bedrock is
suggestive of multiple penetrative fractures (see
Figure 5(j)) extending from an average depth of
8 m. Therefore, it is generally deduced that the north-
eastern, central to the southwestern, western end and
the southern sections of the study area have wit-
nessed both progressive weathering and fracturing
of the bedrock at varying depths.



4.1. Subsurface litho-structural characterisation
of the study area

The interpreted 2D contoured bedrock surface map
(top panel in Figure 7) was used to show the varying
depths of the overburden to fresh bedrock in the study
area. The least depth to fresh bedrock, that is, depth
from the ground level to the top of the fresh bedrock is
<0.7 m; however, it is deeper (>25 m) in some sections.
The interpreted litho-section (Figure 7(a-d)) of the four
profile lines in NE-SW, NW-SE, NS and E-W directions
shown in Figure 7 top panel map were used to clearly
show where the depths of the overburden and geologic
features are pronounced and their variability.
Generally, the sections with high depth values in
Figure 7(a-d) coincide with sections with low to
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moderate resistivity values in Figure 6. The promi-
nent weak zones delineated in the area include
WZ_7, WZ_6 and WZ_1 with approximate thick-
nesses of 19 m, 12 m and 17 m for the NE-SW litho-
section profile; WZ_1 and WZ_4 with thicknesses of
20 m and 24 m for the NW-SE litho-section profile;
WZ_6, WZ_6/5, WZ/FZ and WZ_5 with thicknesses
of 13 m, 14 m, 20 m and 8.5 m for the NS litho-
section profile, and WZ_6, WZ_1 and WZs_2 with
thicknesses of 12.5 m, 16 m and 12-20 m for the
E-W litho-section profile. These features were prob-
ably formed from gradual and deep weathering of the
bedrock minerals, such as feldspar, micas and amphi-
bole due to their susceptible nature to weathering and
deformation arising from fracturing and shearing of
the bedrock.
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Figure 8 shows the bedrock structural map of the
study area with a view to understanding the extension
and orientation of the eight fractures (F1 - F’1 to
F8 - F8) identified in the ERT results (see
Figure 5(a-j)), as tomograms suffers from giving the
exact structural orientation. Interestingly, these eight
identified fractures were shown as five major fracture
systems based on their orientations within the bedrock
architecture in Figure 8. These major fracture systems
include F1, F2, F3, F4 and F5 (now referred to as
F 1-5). The orientation of F1 is NW-SE, F2 and F4
are NNW-SSE, F3 is ENE-WSW and F5 is approxi-
mately NE-SW. Fracture F4 is the most penetrative of
all the identified fractures, followed by F5, F2 and F3
in the arranged order. F1 extends from TR1 and runs
through the northern end of TR 5 to TR 4 to connect
with F4. F4 connects other multiple fractures, espe-
cially fractures in TRs 1, 5, 4, and 10 and it may also
have been collected with F5. As this may be true,
structural evidences from other geophysical methods
can further provide detailed interpretation. Figure 9,
3D geotomographic depths slice model, clearly shows
the depth extents of the delineated fractures in the
subsurface. The sections annotated “A” show the
depths of F1, F2, F3 and F4 from the fresh bedrock
to the near-surface at an approximate depth of about
5 m, while the annotated sections “B” and “C” show
that of F5 and F4, respectively, extending from the
fresh bedrock to depth of 10 m. In spite of the

generally thin overburden cover and ruggedness of
the bedrock as interpreted from Figures 5-7, the deli-
neated fracture systems and other interpreted litho-
structural features, such as the deep weathered troughs
and seepage zones act as the pathways for ground-
water storage in the aquifers to boost the groundwater
potential of the study area. On the other hand, the
clayey soil material, water saturating fills within the
weathered bedrock troughs, and the oscillating bed-
rock topography with nearly vertical scarps and rugose
surfaces evident in the geotomographic models have
the potentials to adversely impact the foundations of
civil engineering structures in the study area.

4.2. Hydrogeophysical evaluation of the study
area

The hydrogeophysical evaluation of the study area pro-
vides insights into the hydrogeological zones of potential
groundwater yield. Based on the geotomographic models
(Figures 5-8), the identified viable hydrogeological zones
include aquifers within the overburden column (preferen-
tially the deep-weathered troughs) and the fractured zones.
Due to the complex subsurface geology and prolonged dry
season spell of the study area, the groundwater potentials
of the aquifers were evaluated based on the overburden
thicknesses and litho-structural dynamics. Aquifers with
thicknesses of <8 m, 8-15 m and >24 m are rated as poor,
fairly good and good with very low yield, low to moderate
yield, and moderate to high vyield, respectively, for
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Figure 8. Bedrock structural map of the study area showing the variations in overburden thicknesses and trends of the subsurface

fractures (F 1-5).
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Figure 9. 3D geotomographic depths slice model showing the depth limits for the delineated fractures (in broken circles and
annotated as A, B and C). The negative depth values imply depth bgl.

groundwater abstraction. Hence, a total of 14 hand-dug
well (PWLs 1-14) and four borehole (PBHs 1-4) points
are proposed for aquifers with low to moderate and mod-
erate to high groundwater-yielding capacity, respectively
(Figure 10 and Table 1), in addition to the servicing hand-
dug wells (WLs 1-4) and boreholes (BHs 1-2) for suffi-
cient groundwater supply in the area.

PBHs 1-4 and PWLs 1-14 are characterised by
fractured and overburden column aquifers, respec-
tively. PWLs 2, 3, 5 and 12-14 may likely not provide
the expected groundwater yield during the prolong dry
season, because of their shallow depths (approx. 10 m).
The fracture at PBH 4 may be linked to the fault line
that runs through TR 6 (see Figure 10) from which the
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Figure 10. Idealised composite image of the subsurface inverted resistivity models of the study area. It shows the litho-structural
dynamics, proposed hand-dug well and borehole points, and proposed bridges for failed road sections.

Table 1. A comprehensive summary of the locations, approximate drill depths, widths and the nature and geological conditions of
aquifers proposed for siting of hand-dug wells and boreholes in the study area.

Proposed well Latitude |Longitude Approximate Aquifer

and borehole |Traverse | (mN) (mE) drill depth (m)  |width (m) Nature/geological condition of aquifer

PWL1 TR 3 823554 800523 13 A narrow-neck concave shaped aquifer.

PWL 2 TR1 823627 800480 10 3£ Shallow aquifers characterised by gentle to elongated troughs.
PWL 3 TR 8 823736 800555

PWL 4 823676 | 800490 12 421 Aquifers with similar features as TR8 (PWL 3).

PWL 5 TR9 823619 800479 10

PWL 6 823639 800437 12 Enclosed aquifers in-between hard-pan lateritic clay (top layer)
PWL 7 TR2 823656 800380 and the resistive bedrock.

PWL 8 823657 800364 15 341

PWL 9 823415 800786 Aquifers with concave trough and lateral base for PWLs 9 and 10,
PWL 10 TR10  |823407 | 800845 12 respectively.

PWL 11 823525 | 800710 15 4+1 A weathered trough inclined aquifer

PWL 12 TR 4 823518 800741 12 341 Aquifers with approximately flat base compartmentalised by
PWL 13 823505 | 800780 " = nearly vertical scarps.

PWL 14 TR7 823676 800809 2+05 An inclined aquifer with steep base.

PBH 1 TR1 823615 | 800543 Deep weathering and fracture enhanced aquifers. PBH 4 aquifer
PBH 2 TR 2 823662 800305 witnessed the deepest weathered trough.

PBH 3 TR10 |823420 | 800746 > 25 8+2

PBH 4 TR7 823690 800771

existing borehole (BH 2) abstracts its water. On the
other hand, BH 1 may have taken its source of recharge
from the weak zone adjoining TRs 1 and 3 and the
weak zone in the northern section of TR 5. However,
the failed hand-dug wells (FWLs 1-2) around TR 10

4.3. Civil engineering evaluation of the study
area

The durability of civil engineering structures are based on
factors, such as the nature of subsurface soil constituents,

(see Figure 10) and in other parts of the study area are
the result of the very thin overburden cover (<2 m) as
observed in the field and ERT results.

soils’ grain sizes and pore spaces, amount of water saturat-
ing fills and bedrock structural architecture on which they
are founded. In this study, the resistivity geotomographic



Points with the highest
surface elevation

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS . 55

Low surface depression
arising from road cut

Deepest weathered/fractured
zone with thickness > 25 m

undulating bedrock with
nearly vertical scarps and
rugose surfaces interspered
by weathered bedrock troughs

Figure 11. 3D conceptualised soil-lithology thickness model of the study area showing the variability patterns of the topographic

relief, weathering thickness and bedrock structural architecture.

models (Figures 5-9) show sections with potentially rich
and thick clayey soil, deep-weathered troughs, floaters
(boulders), oscillating bedrock topography and fractures.
These features have the potentials to adversely affect the
foundations of the engineering structures by causing
a series of cracks in buildings without reinforced founda-
tions or not resting on the stable ground due to differential
settlement. These foundation threats vary across the sur-
veyed area but are pronounced along with TRs 1, 4, 5-6
(major road), 7 and 10. The cracks have ripped off the
asphalt coating in some sections of the highway and also
left some buildings with secondary reinforcement (buttress
supports and concrete patching as shown in Figure 1). The
3D-conceptualised soil-lithology thickness model of the
study area (Figure 11) was produced by placing the surface
topographic relief over the bedrock surface model. It
shows the attributes of the subsurface features which may
have provoked the foundation failures majorly at the cen-
tral part of the area. This section is characterised by thick
weathered profile, with the potential to cause swelling and
shrinkage of the clayey rich near-surface strata (<150 Qm)
and floating boulders and fractured bedrock with declining
load-bearing capacity (see Figures 5 and 6). Hence, engi-
neering construction requires extra reinforcement.

5. Conclusions

In this study, multi-electrode resistivity tomography
was employed for the subsurface geological, hydro-
geophysical and engineering characterisation of

Etioro-Akoko, southwestern Nigeria, in order to
delineate the hydrogeodynamic and litho-structural
complexity that is responsible for low groundwater
yield in wells/boreholes and foundation failures in
civil engineering structures. The integration of the
ERT results and other geotomographic model shows
distinct layers, which include topsoil, clayey to sandy
weathered layer, partially weathered/fractured bed-
rock and fresh bedrock. The floating boulders and
deep weathered troughs in some sections are parts of
the features characterising the second and third
near-surface layers. These features in addition to
the fractures act as the groundwater conduits in the
area.

In a terrain with complex subsurface geology like
Etioro-Akoko, taking advantage of the delineated
subsurface features proposed for wells/boreholes at
overburden- and fractured bedrock-aquifers for sus-
tainable groundwater abstraction will help mitigate
the serious shortage of water supplies and also pre-
vent future deficit as population increases. However,
there is a need for proper construction designs of
wells to ensure adequate protection against surface
contamination due to the thin overburden cover.
We have also made some preliminary interpretation
on clay thicknesses in Etioro-Akoko. This clay soil
and the incompetent load-bearing strata and
fractured bedrock adversely affect engineering con-
struction quality. Hence, replacement of the clayey
near-surface strata with competent sub-base soils,
and construction of bridges and reinforcement of
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concrete foundation at certain sites with low load-
bearing strata are proposed for the founding of dur-
able civil engineering structures in the study area.
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