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ABSTRACT

In this research, groundwater yield of Ibodi and its environs have been investigated using
hydrogeologic data and vertical electrical sounding. The study was carried out with a view to
providing information on the geoelectric characteristic of the subsurface sequence, bedrock
topography, subsurface structural features and their hydrogeologic significance, in order to
determine possible areas for groundwater yield zones. The study involved the use of Schlumberger
vertical electrical sounding data at sixty-eight (68) stations. The results from depth sounding data
interpretation revealed four subsurface geoelectric layers namely; the topsoil, weathered layer,
fractured basement and the fresh basement The weathered layer and fractured basement
constitutes the aquifer units with varying thickness. The second order parameters were determined
from the interpretation of vertical electrical sounding results and used to determine the groundwater
yield index value (G.W.Y.l) by multiplying the coefficient of anisotropy (A) and total transverse
resistance (T) i.e. (\*T). The groundwater yield index value was used to model the groundwater
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yield map The groundwater yield of the entire study area was classified into very high, high yield,
moderate yield, low yield and Very low yield. The boreholes data and static water level across the
entire study area were used to validate the accuracy of the groundwater yield map and hence of the
proposed methodology. The locations and names descriptions of these boreholes and static water
level were displayed on the groundwater yield map. The validation was carried out by
superimposing the boreholes and static water level data on the groundwater yield map.

Keywords: Coefficient of anisotropy; groundwater yield; GIS; geoelectric sections.

1. INTRODUCTION

Groundwater is one of the most valuable natural
resources on the earth surface and serves as
one of the main sources of drinking water.
Basement complex have problem of potable
groundwater supply due to the crystalline nature
of the underlying rock which lack primary porosity
[1,2]. Groundwater storage capacity in those
areas is dependent on depth of weathering and
intensity of fracturing of the underlying rock. For
basement complex rock to become good
aquifers, they must be highly fractured and highly
weathered [3]. Thickness of the weathered
overburden and fractured zone determined the
nature and intensity of hydrodynamic activities
within the usually discrete bodies of aquifer in the
terrain [3,4,2,5]. Therefore, the assessment and
development of groundwater at both local and
regional level requires multidisciplinary
approaches, with various data sources by
mapping these localized geological structures [5].
Apart from the application methods for exploring
groundwater, the availability of groundwater
depends on various geological factors such as

rock types, existence of lineaments and
structures  suitable for accumulating the
resources, hydrological and hydrogeological

factors. All these are dependent on the type of
geological terrains in consideration for the
exploration [6,2]. In typical basement complex
areas such as the study area, the occurrence of
groundwater in recoverable quantity as well as its
circulation is controlled by geological factors i.e.
faults, joints and fracture zones [7,4,2]. The
delineation of these features is very essential for
better understanding of the subsurface geology
of these areas in term of their groundwater
potential. Therefore to target potential basement
aquifers that can give copious supply of
groundwater in these areas, the aforementioned
geologic features must be intercepted by
boreholes. Therefore to target potential
basement aquifers that can give copious supply
of groundwater in these areas, the
aforementioned geologic features must be
intercepted by boreholes. Thus, groundwater

potential of a basement complex area is
determined by a complex interrelationship
between the geology, post-emplacements,
tectonic history, weathering processes and
depth, composition of the weathered Ilayer,
aquifer types and combination, groundwater flow
pattern, climate, recharge and discharge
processes [8] cited in [2]. The groundwater
potential of such area is therefore dependent on
the following factors; the presence of large
fractures, joints or brecciated zones within the
rock, the extent of weathered overburden and
degree or amount of precipitation recharging the
aquifer. By far most significant factor in the
groundwater capacities of an area underlain by
crystalline rock is the depth of weathering. The
absolute depth of weathering has implications on
the zone of saturation because groundwater is
known to fill the regolith from phreatic surface
down to the basement [2]. The Dar-Zarrouk
parameters are 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). Electrical anisotropy is a measure
of the degree of in homogeneity [9,10] in a
basement terrain; which arises from near-surface
effects, variable degree of weathering and
structural features such as faults, fractures,
joints, foliations, and beddings. These in turn are
responsible for creating secondary porosity (Ps)
and hence effective porosity (Pe). Since the
basement rocks are significantly anisotropic and
the degree of electrical anisotropy can be
measured in terms of the anisotropy coefficient
(A). Also the groundwater yield, Y, is a function of
the volume of the accumulated groundwater and
the permeability of an aquifer. This is influenced,
controlled, and dependent on the effective
porosity (®e). The degree of inhomogeneity,
expressed as electrical coefficient of anisotropy
(A), correlates linearly with groundwater yield;
Hence, Y = f (A). Consequently, the geoelectric
parameters that would be of hydrologic
significance to evaluate the groundwater yield of
a given area will be largely determined by the
prevailing factors that influence the occurrence of
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Fig. 1(a). Map of Nigeria and Osun State showing the study area, (b) Location map of Ibodi and
its environ showing the study area [11]

the resources in the area. In other words,
prediction of groundwater yield capacity is a
spatial decision problem that typically involves a
large set of feasible alternatives. Therefore, in
this research work Electrical resistivity methods
were used around Ibodi and its environs in order
to evaluate the groundwater yield.

1.1 Study Location and Geology

The investigated area comprises of sixty-eight
(68) villages which are located on the crystalline

basement complex. It falls within latitude 7° 32
20" to 7° 38' 20" North and longitude 4° 36" 20"
to 4° 44’ 20" East (Fig. 1). This area falls within
the 1:50,000 topographical map of llesha sheet
234 SW. Major and minor road linkages
characterize the study area linking both towns
and villages in the area. In general, the study
area can be said to be fairly assessible with
footpaths in areas where there are neither major
nor minor roads. Regionally, the study area
belong to the Southwestern Nigeria basement
complex comprising migmatite-gneiss complex,
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Fig. 2. Geological map of Ibodi and its environs [14]

metaigneous rock such as pelitic schist,
quartzite, amphibolites, charnokitic rocks, older
granite and unmetamorphorsed dolerite dykes.
The rock sequence consists of basically
weathered quartzite of older granite. The
basement complex rocks of Nigeria are
made up of heterogeneous assemblages
[12,13]. The geology of Ibodi and its environs
is mainly Precambrian Basement rock (Fig. 2).
This is because of the tectonics and
metamorphic changes that has occurred in the
area [15]. Schist and amphibolites, magnetite -

gneiss undifferentiated and amphibolites stands
out in the Basement rock of the investigated
area.

2. RESEARCH METHODOLOGY

Sixty eight (68) vertical electrical sounding were
obtained within the investigated area (Fig. 3).
The sounding data were presented as sounding
curves, which are plots of apparent resistivity
values against electrode separation (AB/2) and
(AB/3) on bi-log graph. The Schlumbeger depths
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Fig. 3. Data acquisition map of the study area showing the VES data

sounding are used to investigate the change of
resistivity with depth [16,17]. The measured unit
is the apparent resistivity, pa, which is the
product of a geometrical factor, K, and the
quotient of the measured potential, AV, and the
source current, |. The apparent resistivity is
plotted versus AB/2 or AB/3 in meters on
bilogarithmic paper resulting in a VES curve. The
VES curve showed the change of resistivity with
depth, since the effective penetration increases
with  increasing electrode spacing. The
interpretation of the VES curve is both qualitative
and quantitative. The qualitative interpretation
involved visual inspection of the sounding curves
while the quantitative interpretation utilized partial
curve matching technique using 2-layer master
curve which was later refined by a computer
iteration technique Resist version (Vander, 2004)
that is based upon an algorithm of [18]. The
quantitatively interpreted sounding curves gave
interpreted results as geoelectric parameters

(that is, layer resistivity and layer thickness). The
Dar-Zarrouk parameters are 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 this
mathematical expressions. Electrical anisotropy
is a measure of the degree of in homogeneity [9],
[10] in a basement terrain; which arises from
near surface effects, variable degree of
weathering and structural features such as faults,
fractures, joints, foliations, and beddings. These
in turn are responsible for creating secondary
porosity (Ps) and hence effective porosity (de).
Since the basement rocks are significantly
anisotropic and the degree of electrical
anisotropy can be measured in terms of the
anisotropy coefficient (A). Also the groundwater
yield, Y, is a function of the volume of the
accumulated groundwater and the permeability
of an aquifer. This is influenced, controlled, and



Olubusola et al.; JGEESI, 16(1): 1-17, 2018; Article no.JGEESI.42102

dependent on the effective porosity (®Pe).
However, in this present study, these parameters
have been developed further through the
application of the product of the coefficient of
anisotropy (A) and the total transverse resistance
(T) i.e. (AN*T) to determine the groundwater yield
index value which was found to be very relevant
and useful in determination and evaluation of
groundwater yield. The groundwater yield index
value was used to model the groundwater yield
map and the borehole and static water level data
across the entire study area were use to validate
the groundwater yield.

3. RESULTS AND DISCUSSION
3.1 Sounding Curves and Aquifer Types

Data acquired from vertical electrical sounding
(VES) using Schlumbeger and Wenner depth
sounding were interpreted, first using manual
partial curve matching techniques, and later
subjected to computer iterative modeling. In the
study area, eight (8) curve types were identified,
these are A, H, QH, HA, KH, KHA, KQH, KHK
(Fig. 4a to 4h). Where type curve KH has the
highest percentage (32.4%) of occurrence. The
least percentage of (1.5%) corresponds to the
KHA.

3.2 Geoelectric Section

In order to have better understanding of the
nature of the rock underlying the study area, and

to have a detailed description of the lateral and
vertical variation in resistivity, thickness and
topography of the subsurface rocks, the VES
interpretation results were used to prepare three
(3) geoelectric sections across the study area,
that align approximately along SW-NE, N-E and
NW-SE direction as shown in the Fig. 5a to 5c.
The geoelectric sections of the study area show
a total of three to five subsurface layers namely:
the topsoil, weathered layer, fractured basement
and fresh basement.

3.3 Geoelectric Section along SW — NE
Direction

The first layer constitutes the topsoil with layer
resistivity ranging from 95 Qm to 1228 Om (Fig.
5a). The layer thickness varies from 0.7 to 1.6m.
The varying resistivity suggests topsoil of clay,
clayey sand, sandy clay and sand. The second
layer with the resistivity ranging from 38Qm to
568 Qm is the weathered layer. The layer
thickness varies from 0.7m to 49.7m. This layer
can also be referred to as aquifer layer especially
in areas like Ibodi (VES 1), Agbao (VES 3),
Imoro (VES 41), lwori (VES 63), Imola (VES 65)
and VES 11 where the weathered layer is not
clayey. The third layer constitutes the fractured
basement which can also be referred to as
aquifer layer, they are interpreted as saturated
because of their relatively lower resistivity values
i.e. ranging from222 Om to 854 Qm. The
thickness of this layer varies from4.5 m to 54.9 m
beneath VES3, VES 8 and VES 9 The thickness

*RMS-error: 2.5 | IBODIVES 1
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Appar. Resistivity [ohmm]
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1070 10M 1072
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Fig. 4a. Showing typical curve types HA curve
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of that VES 8 tend to infinite. The fourth layer is
the fresh basement which is characterized by
high resistivity values ranges from 980 Qm to
9710 Qm. The fresh basement is made up of
infinitely resistive rock. The rocks in this zone are
hard with no permeability, and hence it is not a
water-bearing zone. Depth to fresh rocks from
the interpretation of sounding curves is found to
range between 1.5 m to 54.1 m. The bedrock
topography is undulating.

3.4 Geoelectric Section along NW — SE
Direction

The first layer constitutes the topsoil with layer
resistivity ranging from 141 Qm to 1228 QOm
(Fig. 5b). The layer thickness varies from 0.9 to
2.0m. The varying resistivity suggests topsoil
of clay, clayey sand, sandy clay and sand.
The second layer with the resistivity ranging from
133 Om to 568 Qm is the weathered layer. The
layer thickness varies from 4.1 m to 29.5 m. This
layer can also be referred to as aquifer layer
especially in areas like Imoro (VES 41),
Iborakodo (VES 49) and Ilwaro Odo (VES 58).
The third layer constitutes the fractured
basement which can also be referred to as
aquifer layer, they are interpreted as saturated
because of their relative lower resistivity values
i.e. ranging from 236 OQm to 799 Qm. The

400 —
sSw
390
380
370
360 —

350

340

ELEVATION (m)

330

320

310

300

thickness of this layer varies from 7.4 m to 30.5
m. Beneath VES13, VES 14 and VES 68, the
thickness tend to infinite. The fourth layer is the
fresh basement which is characterized by high
resistivity values ranges from 1230 Qm to 4878
Qm. The fresh basement is made up of infinitely
resistive rock. The rocks in this zone are hard
with no permeability, and hence it is not a water-
bearing zone. The bedrock topography is

undulating.

3.5 Geoelectric Section along W - E
Direction

The first layer which is the topsoil has

resistivity varying from 103 Om to 1040 Om
and thickness ranging from 0.7 m to 2.7 m (Fig.
5c). This layer is relatively thin and highly
resistivity. The resistivity of the second
layer which is the weathered zone varies from 70
Om to 945 Qm while its thickness varies from
0.7m to 49.7 m. The third layer constitutes the
fractured basement which is also be referred to
as aquifer layer, they are interpreted as saturated
of their relatively lower resistivity ranging from
226 Om to 859 Om. The thickness tends to
infinite beneath VES 5, VES 31 and VES 68,
while the fourth layer is the fresh basement with
resistivity values ranging from 1607 Qm to 6530
Qm.

VES 65

¢4OO
VES 63 o NE m

390

385

TOPSOIL
WEATHERED LAYER
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Fig. 5a. Geoelectric section along SW — NE direction
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3.6 Dar Zarrouk Parameters for

Groundwater Characteristics

The coefficient of anisotropy is estimated along
with the secondary geoelectric parameters. The
estimated value of coefficient of anisotropy is
shown in Fig. 6. The estimation shows that the
total longitudinal conductance varies from 0.0041
to 0.89 Q' in the area. The qualitative use of this
parameter is to demarcate changes in total
thickness of low resistivity materials. The total
transverse resistance ranges from 483.2 to
49,719.3 Qm, which gives information both about
the thickness and resistivity of the area. The
average longitudinal resistivity calculated from
sounding curves ranges 22.3 to 318.9 Qm in the
area, which helps in calculating the total depth H
to the high resistivity bedrock and the average
transverse resistivity varies from 17.6 to 807.2
Qm, which clearly shows that it is more than the
average longitudinal resistivity. This indicates
that the true resistivity normal to the plane of
structural features is greater than the true
resistivity parallel to the plane of structural
features. Based on these estimates it was found

43020°E

4400E
679909 8
L

that the coefficient of anisotropy ranges from
0.91 to 1.87, which depicts the true variation of
the anisotropy character of rock formation. The
area with 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. At the same time, unidirectional fracture
may not produce good vyield of water and such
areas show low values of -coefficient of
anisotropy. Consequently, it indicates the
presence of macro-anisotropy in the present
geoelectric structures in the area. The coefficient
of anisotropy shows that it increases from SE to
SW and NE directions and reaches a maximum
values close to 1.9 in the SW direction, as shown
in anisotropy map (Fig. 6). It indicates that this
physical property is not uniform in all directions
and anisotropy plays a major role in fracturing.
Here, it indicates more fracturing toward NE
direction and thus suggests comparatively more
groundwater potential zone and hence better
prospect for groundwater availability.
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Fig. 6. Coefficient of anisotropy map of the study area
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3.7 Modeling of Groundwater Yield Map

The Dar-zarrouk parameters are exclusively
relevant in the lithological differentiation and
delineation of aquifer geometry. In these
applications, full advantage is taken of the
combinations of thickness and resistivities into
one single variable that is the coefficient of
anisotropy which is used as bases for the
evaluation of properties. However, in this
present study, these parameters have been
developed further through the application of
the product of the coefficient of anisotropy (A)
and the total transverse resistance (T) i.e. (A*T)
to determine the groundwater vyield index
value which was found to be very relevant
and useful in determination and evaluation of
groundwater yield. The groundwater vyield
index value was used to model the groundwater
yield map which has a value ranging between
474 groundwater vyield index to 137,703
groundwater yield capacity index, with the least
rating being from 474 to 2000 G.W.Y.l. which
implies very low yield, while between 2000 to
5000 G.W.Y.l,, implies low yield and 5000 to
10000 G.W.Y.lL, implies very moderate yield,
while between 10000 to 30000 G.W.Y.l., implying

43820°E 4400%
sszme EBaedT
N L !

high yield, while 30000 G.W.Y.l. and above
stands for very high vyield (Fig. 7). Therefore,
base on this, the entire study area was classified
into very high, high yield, moderate yield, low
yield and Very low yield. The extreme southern
part and small closure that the southeastern has
very high groundwater yield while eastern,
southeastern and small closure at the
northeastern and southwestern part has high
groundwater yield and moderate groundwater
yield dominate most of the area at northern,
northeastern, eastern, southeastern, southern,
south western and small closure at the
northwestern part of the study area. The rest are
dominated with low groundwater yield with small
closure of very low groundwater vyield at
southwestern part. The boreholes data and static
water level across the entire study area, were
used to validate the accuracy of the groundwater
yield map and hence of the proposed
methodology. The locations and names
descriptions of these boreholes and static water
level were displayed on the groundwater yield
map shown in Fig. 7. The validation was
carried out by superimposing the boreholes and
static water level data on the groundwater yield
map.
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Fig. 7. Groundwater yield map of the study area
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Table 1. Validation borehole for the groundwater yield map

Borehole Expected yield Actual yield from the  Actual Remarks
number description from the drilled borehole description
groundwater yield map  (litres/hr)
BH1 Low 662 Low Coincide
BH2 High 3004 High Coincide
BH3 Low 660 Low Coincide
BH4 Moderate 817 Moderate Coincide
Table 2. Validation of wells data for the groundwater yield map

Well Depth Static Groundwater Expected yield  Actual yield Remarks
numbers (m) water yield description from from the

level (m) thickness (m) the groundwater wells (m)

yield map

W1 12.9 12 0.9 Low Low Coincide
W2 8.6 8.3 0.3 Low Low Coincide
W3 11.8 11.15 0.65 Low Low Coincide
w4 6.8 6 0.8 Moderate Low Not Coincide
W5 13 12.9 0.1 Very low Very low Coincide
W6 13.3 13 0.3 Moderate Low Not Coincide
w7 10.6 9.7 0.9 Low Low Coincide
w8 8.2 7.1 1.1 Moderate Moderate Coincide
W9 18.6 dry Dry Very low Very low Coincide

3.8 Validation of Groundwater Yield Map

Pumping test results from boreholes drilled and
static water level across the entire study area,
were used to validate the accuracy of the
groundwater yield map and hence of the
proposed methodology. The locations, names
and the actual vyield descriptions of these
boreholes and static water level are
displayed on the groundwater yield map shown
in Fig. 7. The validation was carried out
by superimposing the boreholes on the
groundwater yield map. The actual yield of each
borehole was then compared with the expected
yield of its location on the groundwater yield
map. A Table showing coincidence (agreement)
between the actual and the expected yields is
presented in Table 1 and 2. Based on this table,
the success rate of the prediction is estimated as
follows:

Total number of boreholes = 4

Number of boreholes where the expected the
actual yield classifications coincide = 3

Number of boreholes where the expected the
actual yield classifications did not coincide = 1

15

Success rate (accuracy) of the groundwater
potential map is = % x 100 = 75%

Total number of wells =9

Number of wells where the expected the actual
yield classification coincide = 7

Number of wells where the expected the actual
yield classification did not coincide = 2

Success rate (accuracy) of the groundwater
potential map is = 7/9 x 100 = 78%

Success rate (accuracy) of the groundwater
potential for both borehole and wells data is =
11/13 x 100 = 85%

This approach shows that the proposed method
in this study is capable of producing reliable and
accurate results

4. CONCLUSIONS

In this research, groundwater yield of Ibodi and
its environs have been investigated using
hydrogeologic data and vertical electrical
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sounding. The depth sounding data interpretation
revealed four subsurface geoelectric layers
namely; the topsoil, with thickness and resistivity
ranging from 0.7 m — 2.7 m and 95 Om — 1228
Qm respectively; the weathered layer, with
thickness and resistivity ranging from 0.7 m —
49.7 m and 38 Om — 945 Om respectively; the
fractured basement with resistivity ranging from
222 Om — 859 Om and thickness tending from
4.5 m - infinite; and the fresh basement with
resistivity ranging from 980 Qm — 9710 Qm. The
weathered layer and fractured basement
constitutes the aquifer units with varying
thickness. The second order parameters were
determined from the interpretation of vertical
electrical sounding results and used to determine
the groundwater yield index value (G.W.Y.l) by
multiplying the coefficient of anisotropy (A) and
total transverse resistance (T) i.e. (A*T). To
determine the groundwater yield index value, this
was found to be very relevant and useful in
determination and evaluation of groundwater
yield. The groundwater yield index value was
used to model the groundwater yield map which
has a value ranging between 474 groundwater
yield index to 137,703 groundwater yield capacity
index, with the least rating being from 474 to
2000 G.W.Y.l. which implies very low yield, while
between 2000 to 5000 G.W.Y.I., implies low yield
and 5000 to 10000 G.W.Y.l, implies very
moderate yield, while between 10000 to 30000
G.W.Y.l,, implying high vyield, while 30000
G.W.Y.l. and above stands for very high yield.
Therefore, base on this, the entire study area
was classified into very high, high vyield,
moderate yield, low yield and Very low yield. The
extreme southern part and small closure that the
south eastern has very high groundwater vyield
while eastern, southeastern and small closure at
the north eastern and south western part has
high  groundwater yield and moderate
groundwater yield dominate most of the area at
northern, northeastern, eastern, southeastern,
southern, southwestern and small closure at the
north western part of the study area. The rest are
dominated by low groundwater yield with small
closure of very low groundwater vyield at
southwestern part. The boreholes data and static
water level across the entire study area, were
used to validate the accuracy of the groundwater
yield map and hence of the proposed
methodology. The locations and names
descriptions of these boreholes and static water
level were displayed on the groundwater yield
map. The validation was carried out by
superimposing the boreholes and static water
level data on the groundwater yield map.
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