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Abstract
The current study used the vertical electrical sounding (VES) technique to evaluate the litho-textural properties of the sub-
surface hydrogeologic units. Thirty VES were conducted across the study area employing the Schlumberger array, and the 
data were reduced to 1-D geological models employing both manual and computer modeling approaches. The geoelectric 
data were integrated with borehole lithologic information for a better description of the subsurface conditions. The result of 
the study revealed four geoelectric layers with varying resistivities, thicknesses, and depths, with the third layer delineated 
as the aquifer with resistivity and thickness ranging from 41.0 to 16,753.1 Ωm and 10.9 to 85.8 m, respectively. The primary 
geoelectric parameters (resistivity and thickness) were used to estimate the values of geohydraulic properties using empiri-
cal relations. The estimated parameters [resistivity gradient (RG), resistivity reflection coefficient ( k

1
 ) resistivity reflection 

coefficient ( k
2
) , hydraulic conductivity ( K

h
 ), porosity ( � ), transmissivity (Tr), storativity (S), and hydraulic diffusivity (D)] 

have values ranging from 27.54 to 1550.60 Ω , −0.05 to 0.98, −0.92 to 0.95, 0.04 to 12.08 m∕day , 27.01 to 32.08%, 1.42 to 
412.18 m2∕day , 0.033 to 0.257, and 14.75 to 4029.13, respectively. The distribution of these parameters across the study area 
reflects lithological discontinuities of the subsurface. The results revealed a good prospect of the aquifer for groundwater 
exploration and the technique as a valuable tool to characterize the litho-textural properties of aquifer repositories.
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Introduction

The demand for groundwater in the Ofu Local Govern-
ment Area (L. G. A.) of Kogi state has increased in recent 
times, and this is attributed to an insufficient supply of pub-
lic water. The water resources are useful to the indigenous 
of the area for their daily domestic, agricultural, and social 
needs and the limited boreholes cannot satisfy the inhab-
itants of the water. Some of these boreholes have failed, 
while some are productive only during the rainy season. The 
dynamic behavior of the hydrogeological units affects the 
occurrence and flow of groundwater in the subsurface. The 
amounts of pores and crevices in soil and rock and the way 
they are linked control the ease of groundwater movement 

through the subsurface and the quantity of groundwater 
that comes from a particular layer (Akpan et al. 2006; Eka-
nem et al. 2019; Ibuot et al. 2019; Obiora and Ibuot 2020; 
George 2020), where useable volumes of groundwater can 
be pumped from an aquifer layer.

The occurrence of groundwater varies in size and vol-
ume through a region, it lies beneath the subsurface, and 
its potential for use depends on its quality and the aquifer 
yield (Ifediegwu et al. 2019; Anomohanran et al. 2020; 
Ikpe et al. 2022). The occurrence and flow of groundwater 
depend on the degree of weathering and the extent of frac-
turing of the bed rocks and the amount of groundwater in 
the hydrogeologic layers is controlled by factors, such as 
topography, permeability, lithology, geological structures, 
lineament density, aperture and connectivity, and also the 
primary and secondary porosity (Ifediegwu et al. 2019; Eka-
nem 2020; Omeje et al. 2021; Ekanem et al. 2022). The 
subsurface of the earth is made of numerous kinds of rock, 
such as sedimentary, igneous, and metamorphic rocks, with 
varying amounts of porous spaces where groundwater flows.

 * Johnson Cletus Ibuot 
 johnson.ibuot@unn.edu.ng

1 Department of Physics and Astronomy, University 
of Nigeria, Nsukka, Nigeria

http://crossmark.crossref.org/dialog/?doi=10.1007/s40808-022-01645-7&domain=pdf


2696 Modeling Earth Systems and Environment (2023) 9:2695–2709

1 3

There is need for quantitative description of aquifers to 
proffer solutions to some hydrological and hydrogeologi-
cal problems. Aquifer transmissivity, resistivity gradient, 
porosity, longitudinal conductance, hydraulic conductivity, 
reflection coefficient, formation factor, storativity, diffusiv-
ity, and aquifer depth are some of the fundamental properties 
describing the geohydraulic nature of the subsurface (George 
et al. 2015; Ashraf et al. 2018; Ibuot and Obiora 2021; Nai-
yeju et al. 2021). Different investigation techniques involving 
surficial geoelectric sounding data are commonly employed 
to estimate the spatial distributions and relationships of the 
geohydraulic parameters, since field estimations/pumping 
test data are not always available (Niwas and Singhal 1981; 
De Lima and Niwas 2000; Niwas and Celik 2012). The 
hydraulic behavior of aquifer units influences the accuracy 
in the estimation of the hydraulic parameters (Singh 2005). 
Earth scientists have realized that the integration of aquifer 
parameters estimated from surface resistivity data obtained 
via surface resistivity measurements may be useful, since 
a correlation between hydraulic and electrical properties 
of aquifers can be possible, and since both properties are 
related to the pore space structure and heterogeneity (Rubin 
and Hubbard 2005; De Lima et al. 2005; Metwaly et al. 
2014; George et al. 2018; George 2020). Surface resistivity 
techniques can widely be used to solve various problems 
ranging from geotechnical, geological, and environmental.

The resistivity technique measures the potential differ-
ences on the earth's surface due to the current injected into 
the ground. The geoelectric and geohydraulic conductivities 
depend on each other, because the mechanisms controlling 
groundwater flow, electric current flow, and conduction 
depend on the same physical parameters and lithological 
characteristics. Also, factors (lithology, size, shape, miner-
alogy, packing, and orientation of grains, shape, and geom-
etry of pores and pore channels, porosity, tortuosity, perme-
ability, and compaction,) that control the flow of current 
and conduction in the subsurface vary greatly across the 
subsurface (Hiscock et al. 2002; Saleh et al. 1999; George 
et al. 2018; George and Ekanem 2019; Ige et al. 2021; Ibuot 
et al. 2021). In the design of suitable groundwater manage-
ment approaches, the nature of the subsurface materials is 
an important factor to consider in any hydrogeologic envi-
ronment, since its properties and variations are the aims of 
hydrogeologic and hydrogeophysical investigations (Niwas 
and Celik 2012; George et al. 2014; Ekwe et al. 2020; Opara 
et al. 2020). The present study is aimed at estimating the 
geoelectric and geohydraulic properties and characterizing 
the litho-textural properties of the study area from the direct 
current electrical resistivity technique.

Site location, geology, and hydrogeology 
of the study area

The study area (Ofu L. G. A.) is located in Kogi State, 
North-central Nigeria and lies between longitudes 7°0′ to 
7°20E and latitudes 7°12′ to 7°26′N (Fig. 1). The area lies 
within the Lower Benue River Basin Development Author-
ity in North Central Nigeria. Ofu Local Government area 
which is the study area is surrounded by Bassa and Dekina 
L. G. A., Ankpa and Olamaboro L. G. A., Ighalamela-
Odolu L. G. A., and River Niger to the north, east, south, 
and west, respectively. The wet and dry seasons experi-
enced in the area start from April to October and from 
November to March, respectively. The total annual rainfall 
varies from 1000 to 1500 mm with an average temperature 
of 26.8 °C and relative humidity of 30% and 70% in dry 
and wet seasons, respectively (Jenkwe and Iyeh 2020). 
Lateritic soil type is predominant in the study area and 
some patches of hydromorphic and rich loamy soil (Jen-
kwe and Iyeh 2020). The area is dominated by undulating 
topography with the presence of sandstone and lowlands 
by shale, and the area is drained by River Aji and River 
Ola-Ofu, thus forming a dendritic drainage pattern.

The study area lies within the Anambra Sedimentary 
Basin which is one of the inland basins in Nigeria (Fig. 1). 
The Anambra sedimentary basins contain sediment fill of 
Cretaceous ages, and unconformably overlie the basement 
complex and consist of shale, siltstone, and fine-grained 
sandstones (Ifediegwu et  al. 2019). The study area is 
dominated by Nsukka and Ajali Formations (Fig. 1), and 
according to Kogbe (1989), the Nsukka Formation overlies 
the Ajali Formation. These Formations are widely charac-
terized by varying lithologies which are composed of an 
alternation of clays, shales, whitish sands, reddish sands, 
brownish sands, sandstones, laterites, and alluvial deposits 
(Omali et al 2018; Eugene-Okorie et al. 2020). The flow 
of groundwater depends on the rock lithology, texture, and 
structures, and also on hydrological and meteorological 
factors (Ifediegwu et al. 2019).

Methodology and data acquisition

The VES technique with the Schlumberger electrode con-
figuration was employed to investigate the litho-textural 
properties of the study area. Profiles for the study were 
taken along fairly straight traverses. Thirty vertical electri-
cal soundings were taken which translated to wider cover-
age of the areas earmarked for this study. The choice of 
the sounding points was such that it allowed for electrodes 
to be spread along a straight traverse. The total traverse 
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length for each sounding gives the maximum current elec-
trode separation for that particular sounding. The potential 
difference was measured between the potential electrodes 
(M and N). The first potential electrode separation was 
0.5 m, that is, 0.25 m from the center to each potential 
electrode. While the corresponding current electrode sepa-
ration (AB) was 2.0 m, that is, 1 m from the center to 
each of the current electrodes. The four electrodes were 
connected via the copper cable to the resistivity meter at 
the terminals  P1,  P2, and  C1,  C2 for potential and current 
electrodes, respectively. The extension of current electrode 
separation (AB) and potential electrode separation (MN) 
was from 2.0 to 600.0 m and 0.5 to 40.0 m, respectively. 
The IGIS resistivity meter measures the potential differ-
ence generated in the subsurface, and the process was 
repeated by increasing the spacing of the current elec-
trodes proportionally from the midpoint point. Increase 
in spacing between the potential electrodes when it was 
observed that the potential field is weak and care was 
taken to make sure that the distance between the poten-
tial electrodes did not surpass one-fifth of the distance 
between the current electrodes. The measured resistance 
R was converted to apparent resistivity ( �

a
 ) using Eq. 1(). 

The reduction of the data to 1-D geological models was 
done employing both manual and computer modeling 
approaches (Zohdy 1965; Zohdy et al. 1974; George et al. 
2015). The values of �

a
 obtained from Eq. (1) were plotted 

against AB
2

 on bi-logarithmic graph sheets and the curves 
were smoothened. The smoothened aid in the removal of 
the effects of lateral heterogeneities and other unwanted 
signatures (Chakravarthi et al. 2007; George et al. 2015; 
Ekanem et al. 2022). The master curves and charts were 
used curve matched according to Orellana and Mooney 
(1966). In computer modeling, the apparent resistivity 
values were used as input parameters in the WinResist 
software program to produce geoelectric curves, as shown 
in Figs. 2 and 3. The values of resistivity, thickness, and 
depth at each geoelectric layer were obtained from the 
geoelectric curves which displayed wide variations in the 
values of the geoelectric parameters between and within 
the subsurface strata penetrated by the current

where G is the geometric factor ∶ �.

[
(

AB

2

)2

−
(

MN

2

)2

MN

]

 and 

R
a
 is the apparent resistance.

(1)�
a
= G.R

a,

Fig. 1  Map showing the Geologic Formation of the study area
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Geoelectric and geohydraulic indices

The primary geoelectric parameters (resistivity and thick-
ness) also known as the first-order geoelectric indices were 
used in estimating the geohydraulic parameters (second-
order geoelectric indices). The second-order geoelectric 
indices estimated in this study are resistivity gradient 
(RG), reflection coefficient (k1 and k2), hydraulic conduc-
tivity (K), porosity (Φ), storativity (S), and hydraulic dif-
fusivity (D).

Resistivity gradient (RG)

The longitudinal conductance (S) and resistivity gradient 
(RG) are related according to the expressions in Eqs. 2 and 
3. The resistivity is important in the hydrogeological study 
as it helps in predicting the vulnerability of aquifer units 
to contaminants (George 2020)

Fig. 2  Geoelectric curves at 
VES 4

Fig. 3  Geoelectric curve at 
VES 13
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where h
i
 and �

i
 are the thickness and resistivity of the nth 

layer, respectively. The parameters S and RG are inversely 
related as expressed in Eq. 4. RG is also referred to as longi-
tudinal resistance

Reflection coefficient (RC)

The resistivity reflection coefficient assesses the variability of 
resistivity between subsurface layers. In estimating the reflec-
tion coefficients k

1
 and k

2
 , in this study, we consider the resis-

tivity values for layer 1 ( �
1
 ), layer 2 ( �

2
 ), and layer 3 ( �

3
 ) and 

are expressed in Eqs. 5 and 6 respectively

where k
1
 and k

2
 are the reflection coefficients. The reflection 

coefficient must have values ranging from +1 to −1 , for the 
underlain layer to be a pure insulator, then RC = +1 , and for 
it to be a perfect conductor, RC = −1 . The electrical bound-
ary will not exist when �

1
= �

2
 , and k = 0 (Ibuot et al. 2019).

Hydraulic conductivity ( K
h
)

This property defines the ease with which groundwater flows 
through the hydrogeologic units and varies across the hydro-
geologic units over relatively short distances mainly in frac-
tured rock aquifers. According to Al-Khafaji and Al-Dabbagh 
(2016), k

h
 controls the rate at which groundwater flows and as 

such can be used in predicting groundwater flow direction. The 
hydraulic conductivity ( K

h
) can be quantitatively determined 

according to the expression in Eq. 7

where � is the resistivity of the aquifer unit.

Porosity ( �)

Porosity ( � ) is the fraction of the volume of open space 
(pore space) in soils/rocks in relation to the total soil/rocks 

(2)S =
∑

(

h
i

�
i

)

(3)RG =
∑

(

1

S
i

)

=
∑

(

�
i

h
i

)

,

(4)S =
1

RG
= S.RG = 1.

(5)k
1
=

�
2
− �

1

�
2
+ �

1

(6)k
2
=

�
3
− �

2

�
3
+ �

2

,

(7)K
h
= 386.42�−0.933,

volume. As the drainable pore space, it can be calculated 
using Eq. 8. According to George et al. (2018) and Oguama 
et al. (2020), porosity is a rock property that determines 
aquifer productivity and depends on the grain composition 
of rocks, the way the rocks are formed, and the pressure to 
which rocks are exposed

where �
a
 is the aquifer resistivity and � in %.

Transmissivity (Tr)

Transmissivity is the property of an aquifer unit that 
describes its ability to transmit groundwater through its 
whole saturated thickness. Also, it measures the rate at 
which groundwater flows through a section of an aquifer unit 
with a unit hydraulic gradient. Transmissivity is related to 
Dar-Zarrouk parameters in an expression (Eq. 9) according 
to Niwas and Singhal (1981). The product of the hydrau-
lic conductivity ( K

h
 ) and the aquifer thickness (h) gives the 

value of transmissivity in m2∕day as expressed in Eq. 9

where T and S are the Dar-Zarrouk parameters (transverse 
resistance and longitudinal conductance, respectively) and � 
is the aquifer conductivity.

Storativity (S)

Storativity also referred to as the storage coefficient is the 
amount of groundwater released from or taken into stor-
age with respect to the change in water level (head) and 
surface area of the aquifer. The value of storativity depends 
on the aquifer type (unconfined or confined). According to 
Anomohanran et al. (2020), it is the groundwater bearing 
capacity of aquifer. The storativity of an unconfined aquifer 
varies from 0.01 to 0.3, while that of a confined aquifer var-
ies from 1 × 10

−5 to 1 × 10
−3 . To estimate the storativity for 

an unconfined aquifer, we use Eq. 10 proposed by Hamil and 
Bell (1986) and Guideal et al. (2011)

where h is the thickness of the aquifer in meters (m).

Hydraulic diffusivity (D)

This parameter describes the hydraulic properties of the 
aquifer unit, and it measures the diffusion speed of pressure 
disturbances in groundwater repositories. The combination 
of aquifer transmissivity and storativity gives a formation 
parameter called diffusivity (Hiscock 2005). It is the ratio 

(8)� = 36.51�
a

−0.031
,

(9)Tr = K
h
�T =

K
h
S

�
= K

h
h,

(10)S = 3 × 10
−3
h,



2700 Modeling Earth Systems and Environment (2023) 9:2695–2709

1 3

Ta
bl

e 
1 

 S
um

m
ar

y 
of

 V
ES

 re
su

lts

V
ES

 N
o

Lo
ca

tio
n 

na
m

e
Lo

ng
itu

de
 

(O
E)

La
tit

ud
e 

(O
N

)
El

ev
at

io
n 

(m
)

La
ye

r r
es

ist
iv

ity
 (Ω

m
)

La
ye

r t
hi

ck
ne

ss
 (m

)
La

ye
r d

ep
th

 (m
)

C
ur

ve
s t

yp
es

ρ
1

ρ
2

ρ
3

ρ
4

h
1

h
2

h
3

d
1

d
2

d
3

1
St

. M
ar

tin
s C

at
ho

lic
 c

hu
rc

h
7.

11
28

7.
35

74
39

4
32

6.
6

12
4.

2
46

34
.7

90
3.

2
1.

0
6.

2
47

.1
1.

0
7.

2
54

.3
H

K
2

C
om

m
un

ity
 S

ec
. S

ch
. E

ju
le

7.
11

19
7.

35
09

38
0

43
5.

1
63

0.
3

27
81

.6
44

02
.0

1.
4

5.
5

42
.4

1.
4

6.
9

49
.3

A
A

3
Ej

ul
e 

N
ew

 M
ar

ke
t

7.
10

01
7.

36
69

38
7

69
8.

1
33

25
.9

61
28

.9
34

,8
13

.4
1.

2
15

.0
18

.6
1.

2
16

.2
34

.8
A

A
4

O
fa

ka
ga

 1
7.

12
36

7.
38

25
39

6
30

5.
1

70
1.

0
21

99
.7

99
41

.3
2.

0
11

.1
17

.6
2.

0
13

.1
30

.7
A

A
5

O
fa

ka
ga

 2
7.

12
72

7.
40

12
38

4
97

.4
55

7.
2

18
50

.6
43

,8
55

.6
1.

8
7.

7
19

.0
1.

8
9.

5
28

.5
A

A
6

O
gi

di
be

je
7.

12
55

7.
43

26
41

8
12

0.
8

96
48

.0
95

77
.8

39
,7

91
.0

0.
8

5.
5

41
.9

0.
8

6.
3

48
.2

K
H

7
O

ka
bo

7.
09

15
7.

41
64

37
1

56
2.

1
13

81
.4

26
31

.8
39

,1
81

.5
1.

5
14

.3
27

.1
1.

5
15

.8
42

.9
A

A
8

O
ch

ad
am

u
7.

04
28

7.
39

56
26

5
40

.0
88

9.
1

54
46

.6
12

28
.0

0.
6

6.
4

51
.6

0.
6

6.
9

58
.5

A
K

9
A

lo
m

e
7.

06
31

7.
33

84
24

7
10

44
.6

17
26

.4
12

15
.2

94
,2

42
.7

1.
8

11
.5

21
.4

1.
8

13
.3

34
.7

K
H

10
Ik

po
ke

jo
7.

03
49

7.
34

34
21

9
67

9.
4

15
45

.0
22

98
.9

97
2.

0
1.

9
8.

6
50

.5
1.

9
10

.5
61

.1
A

K
11

U
m

om
i

7.
02

21
7.

34
48

20
5

12
8.

2
25

4.
5

17
65

.4
50

,3
89

.1
1.

2
8.

2
11

.6
1.

2
9.

4
21

.0
A

A
12

A
kp

ag
id

ig
bo

6.
98

03
7.

30
31

17
7

26
15

.4
20

34
.5

44
5.

5
28

2.
2

1.
2

23
.9

17
.5

1.
2

25
.1

42
.7

Q
Q

13
O

fo
ko

pi
6.

96
83

7.
27

54
17

1
77

9.
5

15
35

.9
18

47
.4

11
,5

59
.3

0.
5

20
.8

36
.8

0.
5

21
.3

58
.0

A
A

14
A

di
ka

fa
na

6.
94

23
7.

25
73

14
7

16
05

.2
23

18
.1

37
21

.8
10

67
.9

3.
4

17
.3

85
.8

3.
4

20
.7

10
6.

5
A

K
15

O
ju

w
o

7.
13

17
7.

34
97

38
6

21
70

.3
60

42
.9

60
93

.9
23

,3
10

.9
4.

1
9.

0
22

.3
4.

1
13

.1
35

.4
A

A
16

Ib
ok

o
7.

16
15

7.
33

11
26

9
65

0.
9

62
8.

6
16

00
.9

56
,8

75
.5

4.
1

18
.6

11
.6

4.
1

22
.7

34
.3

H
A

17
O

gb
ul

u
7.

17
98

7.
33

24
22

1
38

8.
8

15
10

.9
73

8.
5

61
37

.1
0.

5
5.

2
32

.4
0.

5
5.

7
38

.0
K

H
18

A
lo

bi
7.

21
24

7.
33

47
23

8
60

8.
5

57
6.

0
31

39
.6

34
,0

39
.9

2.
1

6.
9

37
.0

2.
1

9.
0

46
.1

H
A

19
A

llo
m

a 
G

SS
7.

22
62

7.
32

70
23

8
37

1.
8

46
7.

8
16

,7
53

.1
75

0.
1

3.
8

2.
0

36
.7

3.
8

5.
8

52
.5

A
K

20
O

m
un

a 
O

ch
ik

al
a

7.
26

21
7.

31
45

28
7

37
5.

9
17

23
.9

73
2.

8
43

,7
65

.6
2.

8
9.

2
22

.5
2.

8
12

.1
34

.6
K

H
21

A
du

pi
7.

28
87

7.
30

89
27

3
14

3.
7

52
34

.9
10

46
.6

15
,8

27
.0

0.
5

4.
2

15
.0

0.
5

4.
7

19
.7

H
H

22
A

gb
ad

um
a

7.
27

96
7.

29
85

31
4

17
22

.9
97

9.
7

41
.0

10
26

.4
2.

8
15

.3
34

.1
2.

8
18

.0
52

.1
Q

H
23

O
gb

on
ig

ha
7.

31
03

7.
25

44
27

0
17

92
.8

88
4.

2
11

16
.6

80
,1

54
.2

1.
3

7.
3

21
.9

1.
3

8.
7

30
.6

H
K

24
A

go
je

ju
7.

11
01

7.
34

94
38

4
38

7.
0

14
22

.3
42

35
.7

20
,3

96
.5

2.
0

13
.0

50
.8

2.
0

15
.0

65
.7

A
A

25
A

lla
 R

d
7.

10
24

7.
35

48
38

3
13

4.
3

10
25

.7
11

85
.9

46
,2

37
.3

1.
8

10
.2

22
.3

1.
8

12
.1

34
.3

A
A

26
Eg

w
ub

i
7.

09
42

7.
31

56
37

3
21

94
.6

38
94

.0
17

37
.6

79
,3

10
.3

3.
7

7.
3

16
.4

3.
7

11
.0

27
.4

K
H

27
A

lla
 A

te
7.

07
33

7.
28

19
33

8
37

2.
2

98
7.

9
76

8.
2

63
,9

97
.9

0.
8

11
.0

17
.9

0.
8

11
.8

29
.7

K
H

28
O

ja
ta

ga
7.

12
30

7.
33

39
38

6
10

7.
4

31
7.

4
52

52
.2

10
,0

50
.0

1.
0

1.
2

10
.9

1.
0

8.
2

19
.1

A
A

29
A

go
ju

je
 R

d 
2

7.
14

44
7.

31
76

31
3

12
7.

1
26

4.
0

11
32

.7
59

49
.0

3.
0

11
.2

35
.6

3.
0

14
.2

49
.8

A
A

30
A

go
ju

je
7.

15
31

7.
31

49
31

8
13

7.
8

12
92

.4
14

8.
0

35
66

.1
0.

9
8.

7
40

.5
0.

9
9.

6
50

.1
K

H
A

ve
ra

ge
70

4.
1

17
97

.5
30

75
.6

27
,4

65
.8

1.
9

10
.1

30
.6

1.
9

12
.1

43
.0



2701Modeling Earth Systems and Environment (2023) 9:2695–2709 

1 3

of aquifer transmissivity in ( m2∕day ) to aquifer storativity 
as given in Eq. 11

where Tr is aquifer transmissivity, and S is aquifer 
storativity.

Results and discussion

The VES results show that the study area comprises four 
subsurface geoelectric layers penetrated within the maxi-
mum current electrode separation (Table 1), and it revealed 
a subsurface that consists of four geoelectric layers. Figure 4 
shows the correlation between VES curves and the nearby 
lithology formation from top to bottom in the study area. 
The first resistivity of the first layer ranges from 40.0 to 
2615.4 Ωm and a mean value of 704.1 Ωm, indicating that 
the layer consists more of sand of varying contents of clay 
and is generally unsaturated. This layer enhances the per-
colation of rainwater into the underlying geologic units and 
interpreted as lateritic topsoil. The thickness and depth of 
the top layer vary between 0.5 and 4.1 m. The second layer 
with resistivity values ranging from 124.2 to 9648.0 Ωm 
with an average value of 1797.5 Ωm consists of medium-
to-high resistivity materials, which may be attributed to the 
presence of medium-coarse brownish sand intercalation with 

(11)D =
Tr

S
,

clay. The thickness and depth of the second layer vary from 
4.2 to 23.9 and 4.7 to 25.1 m, respectively, with respective 
average values of 10.1 and 12.1 m. The third layer was char-
acterized by resistivity values ranging from 41.0 to 16,753.1 
Ωm with an average value of 3075.6 Ωm, while the thickness 
and depth ranging from 10.9 to 85.8 m and 19.1 to 106.5 m, 
respectively, with their respective average values of 30.6 m 
and 43.0 m. This layer was interpreted as fine- to medium-
grained sand and was delineated as the main hydrogeologic 
unit. Underlain the third layer is the fourth layer which is a 
more resistive layer than the overlain layers with a resistivity 
range of 282.2 to 56,875.5 Ωm and a mean value of 27,465.8 
Ωm, and the lithology of this layer suggests the presence of 
coarse and gravelly sand. The thickness and depth of this 
layer were undefined as current could not get through the 
layer at its maximum electrode separation. The lateral vari-
ations in resistivity can be attributed to the complex nature 
of the subsurface geology (George et al. 2015; Ibuot et al. 
2019; Ekanem et al. 2020; Obiora and Ibuot 2020) and lat-
eral lithological discontinuities in the study area.

The resistivity and thickness of the aquifer units (Table 2) 
ranged from 41.0 to 16,753.1 Ωm and 10.9 to 85.8  m, 
respectively, with a respective average of 3075.64 Ωm and 
30.56 m. The variation of resistivity in the aquifer layer may 
be attributed to the density, shape, size, pore size, and poros-
ity of the aquifer units. The distributions of these parameters 
are displayed in the contour maps (Figs. 5 and 6).

In Fig.  5, the highest value of aquifer resistivity is 
observed in the eastern part of the study area. Zones with 

Fig. 4  Correlations with the 
nearby boreholes from top to 
bottom
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relatively high values of resistivity may have prolific aquifers 
where clean water can be accessed, while areas with low 
resistivity may be due to the presence of conductive materi-
als such as clay. In Fig. 6, the highest aquifer thickness is 
observed in the southwestern part of the study area.

The Litho-textural properties (resistivity gradient, reflec-
tion coefficient, hydraulic conductivity, porosity, storativity, 
and hydraulic diffusivity) were estimated from the inferred 

primary geoelectric parameters (layer resistivities and thick-
nesses). The resistivity gradient (RG) or longitudinal resist-
ance varies from 27.54 to 1550.60 Ω with a mean of 256.35 
Ω. Figure 7 shows the distribution of RG, where highest RG 
is observed in the eastern and northern parts of the study 
area. Since resistivity gradient/longitudinal resistance is the 
inverse of longitudinal conductance, hence, the region with 
high RG will have poor protective capacity. The variational 

Fig. 5  Distribution of aquifer 
resistivity

Fig. 6  Distribution of aquifer 
thickness
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trend can be attributed to facies change in geologic units and 
the open aquifers are susceptible to contamination (George 
2020).

Resistivity reflection coefficients were computed for lay-
ers 1 and 2 ( k

1
 ), and layers 2 and 3 ( k

2
 ). The values of k

1
 

and k
2
 range from −0.05 to 0.98 and −0.92 to 0.95, respec-

tively, with their respective mean values of 0.37 and 0.17. 
The negative values of the resistivity reflection coefficient 
show that the top layer resistivity is higher than the underly-
ing layer resistivity, while positive values of the resistivity 
reflection coefficient show increase in resistivity as current 
passes between two consecutive layers from overlying to 
its underlying layer (Ibuot et al. 2019; George 2020). The 
distributions of k

1
 and k

2
 are shown in the contour maps 

(Figs. 8 and 9) with a similar trend, areas having low reflec-
tion coefficient values may display weathered or fractured of 

its basement rock, and this indicates a prolific groundwater 
repository.

The hydraulic conductivity ( k
h
 ) which is a quantitative 

measure of a saturated soil's ability to transmit ground-
water when subjected to a hydraulic gradient, has values 
ranging from 0.04 to 12.08 m/day with an average value 
0.88 m/day. The distribution of hydraulic conductivity is 
displayed in Fig. 10, and high values of hydraulic conduc-
tivity are observed in the southeastern part of the study area 
and decrease toward other parts of the study area. It may be 
inferred that high hydraulic conductivity values show areas 
with permeable subsurface materials through which water 
can easily pass, and these areas may be lithologically classi-
fied as fine-coarse-grained sand, sandstone, or gravel-dom-
inated areas (Laouini et al. 2017; Nwachukwu et al. 2019; 
Opara et al. 2020). The low values of hydraulic conductivity 

Fig. 7  Distribution of resistivity 
gradient

Fig. 8  Distribution of k
1
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indicate less permeable materials, and areas with low 
hydraulic conductivity may be attributed to soil texture, 
particle size distribution, roughness, tortuosity, shape, and 
degree of interconnection of water-conducting pores. The 
effective porosity of the aquifer units which describes the 
volume of interconnected void space to the total volume 
ranged from 27.01 to 32.08% with a mean of 28.96%. Based 
on the porosity values, the lithology of the aquifer layer may 
be interpreted as sand, sandstone, and gravel according to 
the classification of Roscoe (1990). The distribution of 
porosity is shown in Fig. 11 where high porosity is in the 
southeastern part. The variation of this parameter is in the 
same trend as hydraulic conductivity, and this indicates that 
an increase in porosity leads to a corresponding increase in 
hydraulic conductivity. Areas with high porosity may have 
prolific aquifers, since a prolific aquifer must be porous and 

permeable. The variation of porosity is influenced by the 
grain size, sorting, compaction, and degree of cementation 
of the rocks (Uwa et al. 2018).

The values of transmissivity estimated ranged from 1.42 
to 412.18 m2∕day and a mean value of 27.69 m2∕day ; this 
according to Offodile (1983) shows that the study area is 
dominated by low–moderate groundwater potential. The dis-
tribution of transmissivity in Fig. 12 reveals a similar vari-
ation trend with hydraulic conductivity and porosity where 
high transmissivity is observed in the southeastern part of 
the study area. This indicates that an increase in hydrau-
lic conductivity and porosity translates to a corresponding 
increase in transmissivity.

Storativity describes the amount of water that an aquifer 
unit will release from or take into storage per unit surface 
area of the aquifer per unit change in head. The values of 

Fig. 9  Distribution of k
2

Fig. 10  Distribution of hydrau-
lic conductivity
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this parameter range from 0.033 to 0.257 with a mean value 
0.092. The values of storativity of an unconfined aquifer 
according to Lohman (1972) range from 0.01 to 0.3, and the 
result of this study falls within the Lohman (1972) range; 
this reveals that the aquifer in the study area is unconfined, 
and can yield significant and sustainable quantity of ground-
water for the people living in the area. The distribution of 
storativity (Fig. 13) reveals that the southwestern part has 
high storativity values which are similar to that of thickness. 
The similarity observed in Figs. 6 and 13 shows a direct rela-
tionship between the two parameters; an increase in thick-
ness leads to a corresponding increase in storativity. The 
values of the estimated hydraulic diffusivity range from 14. 
75 to 4029. 13 with an average value of 292.92. The distri-
bution of hydraulic diffusivity in Fig. 14 shows high values 

in the southeastern part of the study area. It is observed that 
hydraulic diffusivity and transmissivity have a similar trend 
as revealed in the contour maps; an increase in transmissiv-
ity leads to an increase in hydraulic diffusivity.

Conclusion

The results of the present study revealed spatial variations 
of the litho-textural properties of the subsurface layers 
estimated from the first-order geoelectric indices. The 
subsurface was found to consist of four geoelectric lay-
ers with varying resistivities, thicknesses, and depths. The 
geohydraulic parameters used in appraising the subsurface 
layers were estimated from already established equations. 

Fig. 11  Distribution of porosity

Fig. 12  Distribution of aquifer 
transmissivity
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The results reveal that the subsurface lithological sequence 
is characterized by alternating units of argillites and aren-
ites and the variations of the electric and geohydraulic 
properties across the study area. The aquifer units are rela-
tively thick and show high heterogeneity with increasing 
depth and are delineated as fine–medium-grained sand. 
The resistivity gradient shows that the aquifer protectiv-
ity transits from poor–moderate protective capacity. The 
reflection coefficients reveal the presence of high-density 
water-filled fractures. The contour maps show the spread 
of the geoelectric and geohydraulic parameters across the 
study area which is controlled by the lithological char-
acteristics of the subsurface. The results reveal that the 

aquifer is capable of yielding substantial groundwater 
capable of sustaining the people in the study area. This 
information from this study will be useful as a guide in the 
exploitation for groundwater resources and management.
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