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Abstract

This study was undertaken to determine the hydrologic properties of the
aquifer materials at Ogbozara-Opi/Ekwegbe-Agu and environs by the estima-
tion of the aquifer transmissivity using Dar Zarrouk parameters. The study
area lies in the Anambra basin and is underlain, from bottom to top, by 3
prominent geologic formations; Enugu Formation, Mamu Formation and
Ajali Formation respectively. A total of 19 sounding stations were occupied
within the study area using the Ohmega resistivity meter. The VES data were
interpreted using the conventional partial curve matching technique to obtain
initial model parameters which were later used as input data for computer
iterative modelling using the Interpex software. These analyses were further
combined with information from two existing boreholes in the study area to
estimate aquifer hydraulic parameters using Dar-Zarrouk parameters. The
layer parameters thus obtained revealed that the dominant curve type ob-
tained from the different formations is the AK curve type followed by the HK
curve type. An average of 6 geo-electric layers were delineated across all tran-
sect taken with resistivity values ranging from 25.42 - 105.85 Qm, 186.38 -
3383.3 Qm and 2992.3 - 6286.4 Om in the Enugu, Mamu and Ajali Forma-
tions respectively. Results of the study revealed the aquifer resistivity in the
study area ranges from 1 - 500 Qm. The depth to the water table range from
13 - 208 m with a mean value of 76.05, while aquifer thickness varies between
95 and 140 m with a mean value of 102.89 m. The values of the Dar-Zarrouk
parameters revealed that the transverse resistance varies between —10,000 -
170,000 Qm?, while the longitudinal conductance varies from 0.1 - 1 to 1.9 Q
- 1. Similarly, the hydraulic conductivity in the area ranges from 5 to 50
m/day, while the transmissivity values range from 1000 to 14,000 m*/day.
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1. Introduction

The sedimentary sequences of Southeastern Nigeria are known to contain sever-
al aquiferous units [1]. Several authors have over the years successfully estimated
aquifer hydraulic characteristics from Dar-Zarrouk parameters in many parts of
Southeastern Nigeria from surface electrical resistivity sounding data [2]. The
concept of Dar Zarrouk parameters was first proposed by [3], this postulation
holds from the fact that, when the thickness and resistivity of a lithologic sub-
surface layer is known, its transverse resistance (R) and longitudinal conduc-
tance (S) can be calculated easily. Hence their correlative resistivities can be de-
termined. Dar Zarrouk parameters have since been used in the estimation of the
hydraulic properties of aquifers. Reference [4] used the concept of Dar zarrouk
parameters to estimate the transmissivity of Ajali Sandstone aquifers in sou-
theastern Nigeria. Reference [5] applied the concept of Dar Zarrouk parameters
for estimating aquifer hydraulic properties in Enugu State. Reference [6] applied
the concept in estimating aquifer hydraulics and delineation of groundwater
quality zones. Reference [7] also applied the same concept in a low permeability
formation for aquifer hydraulic characteristics. These aquifer hydraulic charac-
teristics are necessary for the management of groundwater resource. The para-
meters necessary for the description of the dynamics of aquifer, include, geo-
metry of the pore space, geometry of the rock particles, secondary geologic
processes such as faulting and folding and secondary deposition These parame-
ters jointly affect the rate and pattern of groundwater flow [8]. Dar Zarrouk and
other geoelectric parameters can be used to recognize and differentiate areas of
fresh groundwater aquifers from those of saline groundwater. Water can move
through soil as saturated flow, unsaturated flow, or fluid flow [9] [10]. Hydraulic
conductivity is one of the hydraulic properties of the soil which can be used to
determine the behaviour of the soil fluid within the soil system under specified
conditions. Hydraulic conductivity determines the ability of the soil fluid to flow
through the soil matrix system under a specified hydraulic gradient [11]. Physi-
cal characteristics of aquifers such as hydraulic conductivity and transmissivity
that control groundwater flow and transport are very important properties and
are usually estimated for groundwater flow model calibration. Also these para-
meters are also important properties for the assessment of contaminated land,
and for safe construction of civil engineering structures [12]. It is against this
background that this study seeks to determine the hydrologic properties of the
aquifer materials in Ogbozara Opi/Ekwegbe-Agu and environ using Dar Zar-

rouk Parameters.

Geology of the Study Area

The study area, shown in Figure 1, lies in Anambra Basin and is underlain from
bottom to top by three prominent geologic Formations; Enugu Formation, Ma-
mu Formation and Ajali Formations respectively. The Enugu Formation is made
up of carbonaceous shales with the upper half deposited in lower floodplain and

swampy environments, and overlie the Nkporo Group [13]. The Mamu

DOI: 10.4236/0jg.2023.138035

784 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.138035

C. C. Ugbor, U. K. Ogbodo

7712'0"E

716'0"E 7°20'0"E 7°24'0'E

7°28'0"E

7°32'0"E

6°52'0"N 6°56'0"N

6°48'0"N

Ibegwa Ani

7°0'0"N

- \fmh;\)

NIGERIA/

6°56'0"N
|

6°52'0"N

6°48'0"N

Legend

e  Settlement

|:] L.G.A Boundary

712'0"E

644'0'N

 Highway
Lr_uMinor Roads
Other Roads

Second“éry Roads

470N |

7°29'0"E 7°30'0"E 7°31'0"E 7°32'0"E
.Ogozars\‘ m
.
N
.
.
z Z LEGEND
=3 =3
© S ©
bl . X = Minor road
© N ©
B - - - Foot path
Opi
o’ ® Town
Z Z
=3 =3
'y) w
3 3
© ©
Opi-Ugwuogo Road
[ ]

z Maduka University z
3 °
§ Umuile g
© ® ©

7°29'0"E 7°30'0"E 7°£1'0"E 7°32'0"E

m
0 0.3250.65 13 1.95 26

1:20,000

Figure 1. Location and accessibility map of the study area produced by the authors for this study.

Formation, which used to be called the Lower Coal Measures, has marine inter-

calations made of ammonite-containing shales [14]. Also Reference [15] noted

that the sediment pile varies across the Anambra basin and ranges from 75 to

over 1000 meters in different parts of the basin. The lithology of the Mamu

Formation varies from fine-medium grained, white to grey sandstones, shaley

sandstones, sandy shales, grey mudstones, shales and coal seams [16]. The fine

grained sandstone unit of the Mamu Formation provides the shaley impermea-
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ble base on which the aquifer in the Ajali Formation is laid. The Ajali formation
overlies the Mamu formation and it is often referred to as the “False-Bedded
Sandstone” Reference [17] and the type locality of the Ajali Formation is in the
valley of the Ajali River near Enugu [18]. The Ajali Formation is mostly loose,
poorly sorted, coarse-to-fine-grained, poorly cemented sandstone, mudstone,
and siltstone, and it dates from the middle to late Maastrichtian Ajali Formation
is found within the study area and it is covered by a thick layer of red earthy
sands that were formed by weathering and ferruginization. The thickness of this
layer varies from less than 300 meters to more than 1000 meters in the middle of
the basin [18] [19]. Cross-bedded sedimentary structures are commonly ob-
served on the sands of the Ajali Formation within the study area. These struc-
tures are encountered near reactivation surfaces, mud drapes, tidal bundles,

backflow ripple channels cut and lateral accretion surfaces [13].

2. Materials and Method of Study
2.1. Materials

The equipment used in this study include Abem Terrameter SAS 300S for the
acquisition of vertical electrical sounding data, and Interpex software for inter-
pretation of the sounding data and Borehole data for integration into the data

for Dar-Zarouk model building

2.2. Methods of Study
2.2.1. Electrical Resistivity Method

The Vertical electrical sounding (VES) technique which is known to have supe-
rior vertical sensitivity according to Reference [20] was adopted to determining
the depth variation in apparent resistivity. The potential electrodes were statio-
nary along the traverse while the current electrodes were symmetrically ex-
panded about a fixed central point and readings indicating vertical thickness
variations were taken at discrete locations along the profile using the Ohmega
resistivity metre.

However, for very large current electrode separation, the electro-potential
distance was increased in order to maintain a measurable potential. A total of
nineteen (19) VES were taken within the study area. Of these, eight (8), ten (10)
and one (1) VES station, respectively, were run within the Ajali, Mamu and
Enugu formations in the study area (see Figure 2). The VES stations are well
distributed within the entire area. The underlying formation for all VES points
located within each formation and the summary of the aquifer geo-electric pa-
rameters is presented in Table 1.

To achieve this, established standard procedure was followed. The data ob-
tained from the VES stations were imported into Interpex and the parameters,
resistivity, thickness and depth, of a geo-electric model, thought to be closer to
reality (sub-surface resemblance) were estimated, substituted in the aforemen-

tioned computer program, edited by trial and error until a very close match was
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Table 1. Aquifer geo-electric layer parameters obtained from the VES models (ND: No Data).

Figure 2. Digital Elevation Model of the study area.

VES

10

11

12

13

14

15

16

17

18

19

Northing

6°44'47.26"N
6°45'12.02"N
6°45'13.16"N
6°46'12.42"N
6°44'14.18"N
6°44'30.09"N
6°44'28.32"N
6°44'30.29"N
6°45'23.01"N
6°45'27.09"N
6°45'15.34"N
6°45'57.26"N
6°44'40.11"N
6°46'34.48"N
6°43'56.20"N
6°45'27.24"N
6°45'21.14"N
6°45'52.41"N

6°43'01.39"N

Easting

7°29'30.22"E
7°29'28.52"E
7°28'14.41"E
7°29'18.21"E
7°28'47.24"E
7°28'09.43"E
7°29'50.89"E
7°30'43.23"E
7°30'45.03"E
7°31'35.47"E
7°29'50.29"E
7°29'0.16"E

7°31'16.14"E
7°24'26.20"E
7°30'36.12"E
7°2820.09"E
7°28'58.36"E
7°28'18.21"E

7°30'35.06"E

Curve
Type
AK
AK
HK
HK
HK
HKA
QK
HK
KHQ

KHQ

KA

HKA
AK
AK

AK

No. of

Geo-Electric Layers

6

6

Water Table (m) Aquifer Thickness (m) Aquifer

(Approx.)
31
22
38
30
13
35
33
14
82
81
74
26

123
36
208
136
136
204

123

(Approx.)
58
85
37
133
42
60
45
68
126
79
57
31
81
59

ND
ND
ND
ND

81

Resistivity (Qm)
202.860
110.050
113.340
1163.100
56.079
129.420
94.276
429.730
141.910
51.475
78.777
33.174
205.120
77.553

7351.900
2216.200
64.091
33.884

45.667
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attained between the calculated and observed resistivity. The exported curves
were displayed on a log-log paper in terms of distance and depth and the range
of resistivity values after graduation was used to mark distinct stratigraphic lay-
ers in each transect. These stratigraphic curves were interpreted quantitatively to
determine the nature of the underlying geological formations, presented with its
possible geological meanings, resistivity values and layer thicknesses.

2.2.2. Aquifer Characterization Based on Dar Zarouk Parameters
Dar Zarrouk parameters comprise the layer resistivity (p) and the thickness (4).
The parameters can be used directly in aquifer protection studies and also for

the evaluation of hydrologic properties.

2.2.3. Transverse Resistance (Rr) and Longitudinal Conductance (L)
If the thickness and resistivity of a lithologic subsurface layer is known, its
transverse resistance (7y) and longitudinal conductance (L) can be easily calcu-
lated.

For a sequence of horizontal, homogeneous and isotropic layers of resistivity 7
and thickness A, the longitudinal conductance L. and transverse resistance 7
are defined as follows:

L =Zin:1hii =hy +hy +hy ++hy, (1)
R- =" ih =h +2h, +3h, +---+nh, )

Hence, for a single horizontal, homogeneous and isotropic layers, the longitu-
dinal conductance and transverse resistance becomes:

L. =h (3)

R, = ph (4)

where R, = Transverse resistance (Q-m?), p = resistivity (Q-m), A = thickness of

layer (m), and L. = Longitudinal conductance (mho)

2.2.4. Transmissivity (T) and Hydraulic Conductivity (K)
From Darcy’s law, the relationship between transmissivity and hydraulic con-
ductivity is given as:

T=Kh (5)
where 7'= Transmissivity (m*/day), K = Hydraulic conductivity (m/day), and A
= thickness of layer (m).

Making A subject of the formula in Equations (28) and (29) and substituting

in Equation (30), gives:

T =KR; (6)

T =KL, )

Based on the concept of clay content, hydraulic conductivity of clayey sedi-
ment could be related to electrical resistivity and according to Reference [21],
high clay content generally corresponds with low resistivity and hydraulic con-
ductivity. This implies that in a clay rich aquifer, hydraulic conductivity is di-

rectly proportional to resistivity. Hence,
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Figure 3. Geological map showing the locations of VES stations within the study area.

K=C, (8)

where C, is a constant.
However, in an unconsolidated, sandy aquifer, i.e. clay-free aquifer, hydraulic
conductivity (K) and porosity (@) have a direct relationship. Inverse relationship

exist between porosity and resistivity (@ oo 1) [11]. Therefore,

Kp=C, 9

From Equation (8) and Equation (9), it can be deduced that changes in resis-
tivity and hydraulic conductivity across an aquifer are controlled by either varia-
tion in effective porosity or changes in clay content.

Substituting Equation (8) into Equation (6) and Equation (7) into Equation
(9), gives transmissivity as follows:

T=RC, (10)
T=LGC, (11)
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3. Results
3.1. Interpretation of VES Data: 1-D Electro-Stratigraphic Models

The electro-stratigraphic model curves were obtained from the nineteen (19)
VES data acquired in the study area in order to better understand the intricate
physical properties of the underlying rocks beneath each sounding site and to
ascertain key geophysical parameters characterizing each local subsurface struc-
ture. The underlying stratigraphic packages for all VES points located within
each formation are displayed graphically in Figures 4(a)-(d), Figures 5(a)-(d),
Figures 6(a)-(d). The results showing a summary of the aquifer geo-electric pa-
rameters is presented in Table 1.

VES 1: Opi-Nsukka Road

10 " RMS=6%
Resistivity Model Interpretation
| PROFILE NO: ’VESI Opi-Nsukka Roa
, Surface Elevation (m) 244 m
£ SN [Rho | Thick.(m) | Depth (m) | Elev(m)
. 1] 28314 14355] 1.4355| 242.56
3 107 2| 7121 51441] 65796 | 23742
'§ 3| 5068.2 24.054 30.6336 | 213.37
= 4] 202.85 57.634 88.2676 | 155.73
§ 5| 6103.8 67.337 155.605 | 79.336
g 6| 3561
<
10°A—rrrremg—rrrmee—rrre
10° 10* 102 103
AB/2
(a)
VES 1: Opi-Nsukka
108 T T
3 RMS=h Resistivity Model Interpretation
Opi-Nsukka Road
PROFILE NO: | VES 7
Surface Elevation (m) 246
S/N | Rho Thick.(m) | Depth(m) | Elev.(m|
§103'- _ 1 2831.4 | 1.6604 1.6604 24434
B % 2 928.97 |5.7289 7.3893 238.61
w
=2 3 120.23 | 7.2325 14.6218 | 231.38
§ 4 5180.8 | 18.782 33.4038 | 212.6
g 5 94.275 |45.192 78.5958 167.4
g 6 13038 119.86 198.456 | 47.549
e ma ma 7 11508
00 10t 102 103
AB/2
(b)
VES 8: Amud Opi-Agu
1ot E I RMS=6% Resistivity Model Interpretation
PROFILE NO: | VES 8 | Amuda Opi-Agu
Surface Elevation: 246
& ] SN | Rho Thick. | Depth Elev
-8 ] 1 3365.3 | 1.6804 | 1.6804 244.34
= 2 207.78 |1.4303 |3.1107 242.86
5103 7 k
5 3 542.5 11.067 | 14.1777 | 231.8
é 4 429.73 | 67.875 |82.0527 | 153.83
= 5 1384.5 | 125.51 |207.563 |33.317
s 6 1111.7
Q
Q.
<
102

100 10t 102 103

AB/2
(c)
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Resistivity Model Interpretation

PROFILE NO: | VES 9

Amuda Opi-Agu

Surface Elevation (m) 246

S/N | Rho Thick.(m) Depth (m) | Elev (m)
1 753.15 | 1.8804 1.8804 243.34
2 1863.9 | 4.829 6.7094 238.51

3 155.88 |9.2215 15.9309 | 229.29
4 437.51 | 66.362 82.2929 |162.93

5 141.91 125.61 207.903 | 37.317

6 130.86

Figure 4. (a-d) Resistivity sounding curve showing geo-electric para-
meters beneath VES 1 and VES 7 - 9 drawn within Mamu Formation in
the northeastern and southeastern parts of the study area.

VES 10: Ekwegbe Agu

4 3 T T
10 ] RMS=6% Resistivity Model Interpretation
PROFILE NO: | VES 10 | Amuda Opi-Agu
Surface Elevation (m) 246
c | Depth
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% o 2 3124.6 [3.1943 5.0747 218.14
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(a) AB/2
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VES 12: Ekwegbe Agu
107 ' RMS=6%
Resistivity Model Interpretation
PROFILE NO: | VES 12 | Amuda Opi-Agu
, 1 Surface Elevation: 246
E SN | Rho Thick. |Depth | Elev
o 1 1.6604 | 1.6604 | 284.34
210 i 1 186.35
2 ] 2 768 24.079 |25.7394 | 250.28
E 1 3 33.17 30.572 [ 563114 | 229.63
b 4 346.74 | 66.885 |123.196 | 152.3
% 5 |205.12 |81.44 | 204.636 | 81356
3 6 311.03
(T R —
100 10t 102 103
(© AB/2
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VES 13: Ekwegbe Agu

10*3 |
] RMS=6% Resistivity Model Interpretation
PROFILE NO: | VES 13 | Ekwegbe Agu
| Surface Elevation: 246
1S | S/N | Rho Thick. | Depth Elev
E o 1 477.75 | 1.7535 | 1.7535 284.24
3103 . i 2 5335.8 | 13.286 | 15.0395 |270.35
= ] 3 52431 |42.103 | 57.1425 | 228.85
'g 4 1261.2 | 66.043 | 123.186 | 152.8
faf) 5 205.12 | 81.447 |204.633 | 81.356
o 6 1277.8
©
g
102 S—

R DAL |
10° 100 102 103
(d) AB/2
Figure 5. (a)-(d) Resistivity sounding curve showing geo-electric parame-
ters beneath VES 10 - 13 drawn within Mamu Formation in the northeas-
tern and southeastern parts of the study area.

VES 14:
10* 3 RMS=6%
] Resistivity Model Interpretation
1 PROFILE NO: | VES 14
T Surface Elevation: 246
S/N_| Rho Thick. | Depth Elev
= 1 3577.7 | 1.7595 | 1.7595 242.24
210°3 T 1[2  [371.19 |4.6349 |6.3944 | 237.61
K ] 3 1823.1 | 30.064 | 36.459 207.54
; ] 4 77.553 |50.083 |95.541 148.46
g 5 2305.7 | 124.55 |220.09 23.91
g . 6 1390.6
g
G0 I —
100 10t 102 103
(@) AB/2
VES 15:
103 RMS=6%
E Resistivity Model Interpretation
| PROFILE NO: | VES 15
1 Surface Elevation: 246
I : S/N | Rho Thick. | Depth Elev
[¢] 1 1092.4 | 1.7596 | 1.7596 344.24
.g 103 b 2 2368.1 | 3.683 5.4526 340.55
2 ] 3 33720 | 202.23 | 207.68 138.32
g 4 |73519
g 5 1092.4 | 1.7596 | 1.7596 344.24
g 6 2368.1 [3.683 5.4526 340.55
<
ST T —
10° 10! 102 103
(b) AB/2

Figure 6. (a) (b) Resistivity sounding curve showing geo-electric parame-
ters beneath VES 14 - 15 drawn within Mamu Formation in the northeas-
tern and southeastern parts of the study area.

3.2. Result of Hydrological Models of Aquifer Parameters

All the VES models obtained from resistivity sounding carried out within the

Ajali Formation show a slightly close similarity in resistivity trend (an indication
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of a uniform sub-surface condition) but differ in their layer thicknesses, a func-
tion of the variation in thickness of geo-electric layers along the profiles (Figure
4). The geo-electric parameters of the near-surface stratigraphy for ten sound-
ings (VES 1, VES 7, and VES 8-15) drawn within the Mamu Formation are pre-
sented graphically in Figures 4-6. Whereas the results of the aquifer geo-electric
parameters for the conventional Schlumberger spread at these sounding loca-

tions occupied within the study area are presented in Table 2.

4. Discussion

Evaluation of Aquifer Hydraulic Properties

In order to determine the hydrologic properties of the aquifer materials in the
study area, contour maps showing the spatial distribution of aquifer resistivity,
aquifer thickness, transverse resistance, transmissivity and hydraulic conductiv-

ity, were generated and analyzed.

Table 2. Aquifer geo-electric layer parameters obtained from the VES models (ND: No Data).

VES

10

11

12

13

14

15

16

17

18

19

Northing

6°44'47.26"N
6°45'12.02”N
6°45'13.16"N
6°46'12.42"N
6°44'14.18"N
6°44'30.09"N
6°44'28.32"N
6°44'30.29"N
6°45'23.01"N
6°45'27.09"N
6°45'15.34"N
6°45'57.26"N
6°44'40.11"N
6°46'34.48"N
6°43'56.20"N
6°45'27.24"N
6°4521.14"N
6°45'52.41"N

6°43'01.39"N

Easting

7°29'30.22"E
7°29'28.52”E
7°28'14.41"E
7°29'18.21"E
7°28'47.24"E
7°28'09.43"E
7°29'50.89"E
7°30'43.23"E
7°30'45.03"E
7°31'35.47"E
7°29'50.29"E
7°29'0.16"E

7°31'16.14"E
7°24'26.20"E
7°30'36.12"E
7°28'20.09"E
7°28'58.36"E
7°28'18.21"E

7°30'35.06"E

Curve No. of Water Table (m) Aquifer Thickness (m) Aquifer Resistivity
Type  Geo-Electric Layers (Approx.) (Approx.) (Qm)
AK 6 31 58 202.860
AK 6 22 85 110.050
HK 6 38 37 113.340
HK 6 30 133 1163.100
HK 6 13 42 56.079
HKA 6 35 60 129.420
QK 7 33 45 94.276
HK 6 14 68 429.730
KHQ 6 82 126 141.910
KHQ 7 81 79 51.475
K 6 74 57 78.777
KA 6 26 31 33.174
K 6 123 81 205.120
HKA 6 36 59 77.553
AK 4 208 ND 7351.900
AK 4 136 ND 2216.200
AK 4 136 ND 64.091
6 204 ND 33.884
6 123 81 45.667

DOI: 10.4236/0jg.2023.138035

793 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.138035

C. C. Ugbor, U. K. Ogbodo

4.1. Aquifer Geo-Electric Layer Parameters Obtained from the
VES Models (ND: No Data)

With the exception of VES 1 and 15, VES 11 and 13, and VES 9-10, which show
the AK, K and KHQ curve types, respectively, VES 7, 8, 12, 14 and 15 indicate
types QK, HK, KA and HKA curves respectively (Table 2). The wide variation in
curve types could be attributed to the variation in geo-electric characteristics of
the sub-surface electro-stratigraphic units at these VES points, which is caused
by the highly heterogeneous nature of the Mamu Formation in the study area.
Excluding VES 7, 10 and 15, all the VES models drawn within this formation
display six geo-electric layers. VES 7 and 10 show seven geo-electric layers
(Table 2). Of all the VES models having six geo-electric layers, VES 9, 12 and 13
are closely located and show similar trend in resistivity values (Figure 4, Figure
5). The six geo-electric layers that underlie VES 1 and VES 8 - 14 correspond to:
lateritic overdurden, dark grey shale/siltstone, silty sandstone, siltstone, dark
grey shale/clay and siltstone. However, in VES 11, the thin dark grey shale/clay
sequence was not observed. In this case, a layer of silty sandstone was present
beneath the siltstone unit that occupies the fourth geo-electric layer in this mod-
el. In the VES models, the resistivity range of the lateritic overburden varies be-
tween 186.38 and 3385.3 Qm (see Figures 4-6). With the exception of VES 11 -
13, whose resistivities are 211.84 Om, 186.38 Om and 477.75 Qm, respectively,
the thin-dry overburden layer is characterized by high resistivity values. The low
resistivity values observed in VES 11 - 13 (see Figure 5) could be attributed to
the wetness of the near-surface at the VES stations during data acquisition. In
VES 9, the lateritic overburden unit makes up the first and second geo-electric
layers with a combined thickness of about 8.15 m. Conversely, the resistivity of
the underlying dark grey shale/siltstone unit decreased in all the VES models
except in VES 12 - 13. The low resistivities (155.89 - 711.21 Qm) recorded in
these other VES models is an indication that the dark grey shale/siltstone unit,
which occupies the second geo-electric layer in the VES models (and third
geo-electric layer in VES 9), is wet but not saturated. On the other hand, the
lesser degree of wetness in VES 12 - 13 could be responsible for the higher resis-
tivity values (768.42 - 5335.8 (0m) observed in these VES models (Figure 5). The
third geo-electric layer, which is clearly captured at depth of 3.14 to 15.71 m,
represents the unsaturated zone within the silty sandstone sequence and is cha-
racterized by resistivity values that range from 497.51 to 6462.5 Qm. In VES 9,
this lithological sequence occurs at the fourth geo-electric layer (see Figure 4)
whereas in VES 12, the entirety of the silty sandstone unit is saturated with fresh
water, with the water table occurring at its topmost part (Figure 5). Beyond the
unsaturated zone, a sharp decrease in resistivity is observed in all the VES mod-
els. In comparison with other geo-electric layers, this zone possesses the least re-
sistivity values (51.475 - 205.12 Qm) in all the models, and represents the
fresh-water bearing aquifer beneath the VES stations. The aquifer thickness and

depth ranges between 31 to 126 m and 14 to 123 m respectively (see Figures 4-6).
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In all the VES models, this aquiferous zone occurs in the fourth geo-electric layer
except in VES 9 and 12 where it occupies the fifth and third geo-electric layers
respectively (see Figure 4, Figure 5). Generally, aquifer thickness within the
Mamu Formation appears to increase eastwards away from the boundary be-
tween the Ajali and Mamu Formations (see Table 2).

Although this zone of saturation indicated a sharp resistivity drop and cor-
responds to the third geo-electric layer in VES 13, it is however, not adjudged to
be the main aquifer beneath the VES model despite it being productive. The fifth
geo-electric layer, by virtue of its resistivity (205.12 Qm) and thickness (81.45
m), is considered a more prolific aquifer and is therefore recognized as the main
aquifer beneath the VES station. The geological sequence that makes up this unit
is siltstone. The high resistivity zone (1261.2 Qm) overlying the main aquifer
constitutes the vadose zone and occurs above the water table with a thickness of
66.05 m (see Figure 5). In other VES models (VES 1, 8 and 14), the siltstone
layer underlies the aquiferous silty-sandstone interval, and is characterized by
high resistivity values (1884.5 - 6103 Qm) that depicts a dry zone. However, in
VES 12, this zone shows evidence of saturation although the degree of saturation
reduces downward as depicted by the increase in resistivity values (see Figure 5).
In contrast, the downward decrease in layer resistivity as indicated by the silt-
stone unit in VES 9 and 11 suggests a downward increase in the degree of satu-
ration from the overlying silty-sandstone aquifer (see Figure 4, Figure 5). The
siltstone unit occupies the fifth geo-electric layer in VES 1, 8 and 14, the fourth
and fifth geo-electric layers in VES 12 and the sixth geo-electric layer in VES 9
and 11. The basal layer comprising dark grey shales of high resistivity values
(311.03 - 3661.0 Om) make up the sixth geo-electric layer in VES 1, 8 and 12 -
14. The high resistivities are an indication of a dry zone except in VES 12 where
a low resistivity value is observed suggesting that the shales are probably wet be-
neath the VES station. This rock unit was not modelled in VES 9 and 11. VES 7
and 10 are also located within the Mamu Formation. Unlike the other VES mod-
els which have been previously described, they are characterized by seven
geo-electric layers (see Table 2). Both VES models indicate similar resistivity
trends and show a QK and KHQ curve types respectively. The geological se-
quences that make up these seven geo-electric layers are: lateritic overburden,
dry dark grey shale/siltstone, wet dark grey shale/siltstone, unsaturated silty-
sandstone, saturated silty-sandstone, siltstone and dark grey shale.

The thin overburden of laterite is characterized by high resistivity values that
range from 712.52 to 2831.4 Qm and a thickness of 1.66 m in both VES models
(Figure 4, Figure 5). The second and third geo-electric layers constitute the
same rock material, the dark grey shale/siltstone, but have contrasting resistivity
values. The high resistivity (928.47 - 3124.6 Qm) recorded in the second
geo-electric unit is an indication of dry grey shale/siltstone whereas the low to
moderate resistivity (120.23 - 243.89 Qm) of the third geo-electric unit suggests
that the lower section of the same shale/siltstone sequence is wet but not satu-
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rated. Below this unit is a high resistivity layer (505.82 - 5180.8 Qm) that
represents the zone of infiltration (vadose zone) within the permeable silty sand-
stone unit (Figure 4, Figure 5). This interval comprises the fourth geo-electric
layer in VES 7 and 10. Underneath the zone of infiltration is the fifth geo-electric
layer that is characterized by low resistivity values in the range of 51.48 to 94.28
Qm). This thick layer, which occurs within the silty-sandstone unit, is a fresh
water bearing aquifer with a thickness that varies between 45.19 and 79.083 m.
This zone is saturated with a good water bearing formation. The depth to the
aquiferous zones ranges between 33 and 81 m (see Table 2). Underlying the
groundwater aquifer in VES 7 are high resistivity materials (13,038 Qm and
11,508 Qm) interpreted as siltstone and dark grey shales (Figure 4). The high
resistivity of these geological sequences, which occupy the sixth and seventh
geo-electric layers, indicates that they are dry zones thereby suggesting a de-
crease in saturation downwards. In contrast, the resistivities of the siltstone and
dark grey shales in VES 10 are considerable low (220.8 Qm and 147.1 Qm re-
spectively; see Figure 5) implying that both geologic sequences underlying the
aquifer are wet. This clearly shows a slight decrease and increase in saturation,
respectively, as electrical drilling progressed from the siltstone unit to the shale
horizon. In both VES curves, the thickness of the basal dark grey shale unit is
undetermined (Figures 4(a)-(d), Figures 5(a)-(d)).

VES 15 is situated within the Mamu Formation, at the southern part of the
study area (see Figure 6). The geological sequence beneath this VES station was
inferred using the results of the borehole data due to their close proximity. Four
geo-electric layers were recognized in this VES model, which show an AK curve
type (see Table 2). The lithologic sequence that corresponds to these geo-electric
layers are: lateritic overburden, dark grey shale/siltstone, silty sandstone and silt-
stone.

The first three geo-electric layers show a progressive increase in resistivity
values downwards (Figure 5(c)). This is an indication of a downward increase in
the degree of dryness, and in extension, a decrease in the degree of saturation.
The resistivities of the first three geo-electric layers are 1092.4 Qm, 2368.1 Qm
and 33,729 Qm. From the ground surface, these layers terminate at depths of
1.76 m, 5.45 m and 207.68 m respectively. The drastic drop in the resistivity of
the fourth geo-electric suggests that the siltstone sequence underlying the silty
sandstone unit represents the aquiferous unit beneath VES 15. The depth to wa-
ter (208 m) beneath VES 15 is the deepest when compared to other sounding
models (Table 2). This could be attributed to the thickness of the infiltration
zone (202.23 m) as well as the high elevation (346 m) at this VES point (Figure
6).

4.2. Discussion of Hydrological Models of Aquifer Parameters
4.2.1. Distribution of Aquifer Resistivity
The resistivity of the main aquifer units underlying the study area are generally

low with values that vary between 1 and 500 Qm especially at the western, cen-
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tral and northeastern parts of the study area (Figure 7). These areas comprise
the medium grain sandstone aquifer within the Ajali Formation as well as the
silty sandstone and siltstone aquifers that occur in the Mamu Formation (see
Figure 3). Of these areas, a small section of the northwestern fringes of the study
area, west of VES 16 and 18 reveal a slightly higher aquifer resistivity within the
Ajali Formation in the range of 100 to 2000 Om. VES 16 shows an aquifer resis-
tivity of 2216 Qm. Depths to water at VES 16 and 18 ranged between 136 and
205 m. Similarly, a slight increase in the resistivity (500 - 1000 Qm) of the aqui-
fers located within the Ajali and Mamu formation at the northwestern/north-
central axis, was observed. The highest aquifer resistivities (2000 - 8000 Qm)
occurred within the Enugu Formation at the southeastern part of the study area
where depths to the aquifer were observed to be higher (Figure 7). Most areas
with shallow water depths were characterized by low aquifer resistivities and
vice-versa. The higher resistivity of aquifers at greater depths could be attributed
to increased compaction of the aquifer materials caused by the thickness of
overlying sediments. Hence, the resistivity of aquifers is directly proportional to

aquifer depth.

4.2.2. Distribution of Aquifer Depth

The deepest aquifers within the study area occur at the northwestern and sou-
theastern parts, which are underlain by sediments of the Ajali and Enugu For-
mations, respectively (Figure 8). These areas are located in Umuile and west of
Opi. Majority of the areas covering Ogbozara, as well as north and southwest of

Opi are underlain by shallow aquifer systems.
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Figure 7. Contour map showing high aquifer resistivities predominantly at the southeas-
tern region and partly at the northwestern region of the study area.
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Figure 8. Contour map showing a progressive increase in aquifer depth towards the
northwestern and southeastern directions which reflects the regional direction of ground-
water flow and depicts a watershed.

Aquifer depths appear to increase progressively in the northwestern and sou-
theastern directions, which correlate reasonably well with zones of higher aqui-
fer resistivity (see Figure 8). Also, the direction of increasing aquifer depths
coincides with the direction of decreasing elevation in the digital elevation mod-
el which supports a west to east direction of regional groundwater flow (see
Figure 2). The increase in aquifer depths from the center of the study area to its
northwestern part also indicates a possible direction of ground flow (Figure 8).
This suggests that the study area is probably close to a watershed with two drai-
nage areas located at the northwest and southeast of a cuesta that possibly trends
in a roughly north of north-east to south of south-west (NNE-SSW) direction.
Opi town appears to be close to the foot of the escarpment, southeast of the
cuesta, with Unuile lying on the gentle area (plateau) (see Figure 2). The cuesta

is the well-known Udi-Nsukka cuesta.

4.2.3. Distribution of Aquifer Thickness

Aquifer thickness increases from the southwestern to the northeastern part of the
study area (Figure 9). The aquifer units in northwestern and southwestern axis
varies between 30 and 65 m. Aquifer thickness at the southeastern section is
moderate and ranges from 65 to 90 m. The thickness units of aquifer materials
occur at the north-central and north-eastern part of the study area with a thickness

that varies between 95 and 140 m (Figure 9). Most parts of the Ajali Formation

DOI: 10.4236/0jg.2023.138035

798 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.138035

C. C. Ugbor, U. K. Ogbodo

7TA7T TA75 748 7485 749 7495 75 7505 751 7515 7.52 7.525

]

Latitude

Aquifer Thickness (m)

7475 748 7485 749 7495 75 7505 751 7515 752 7.525

Longitude

Figure 9. Contour map showing the increase in aquifer thickness from the southwestern
part to the northeastern part of the study area.

especially at the western and southwestern regions have the lowest aquifer
thicknesses. This is due to the generally lesser thickness of the Ajali Formation
(compared to Mamu Formation) at these locations. However, the aquifer thick-
ness model shows that a portion of the Ajali Formation within the north-western
areas and west of Ogbozara possesses the thickness aquiferous interval (Figure
9). Most portions of the Mamu Formation particularly at the northcentral, nor-
theastern and southeastern sections have the thickest aquifer units. Only the
southwestern area of the Mamu Formation exhibits lesser aquifer thicknesses.

4.2.4. Distribution of Aquifer Hydraulic Conductivity and Transmissivity
The distribution of aquifer transmissivity and hydraulic conductivity in the
study area are closely similar (Figure 10 and Figure 11). Whilst aquifer trans-
missivity values vary between 1000 and 14,000 m*/day, hydraulic conductivity
values fall within the range of 5 to 50 m/day. The entire area shows transmissiv-
ity values that are suitable for ensuring very high groundwater yielding capacity
except the northwestern fringes of the study area where lower transmissivity (0 -
500 m*/day) and hydraulic conductivity values (<20 m/day) were also recorded
(Figure 10 and Figure 11). The northwestern axis is, therefore, only suitable for
groundwater withdrawal of local or lesser commercial importance. According to
Reference [22] aquifer transmissivity values that range from 10 to 1000 m*/day
have groundwater yielding capacity that can meet local demand and/or serve a
very small community. High values of aquifer hydraulic conductivity and trans-
missivity are recorded at the north-central, northeastern and southeastern seg-
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ments of the map that are underlain mostly by the Mamu and Enugu Formations.
This suggests that the silty sandstone aquifer in the Mamu Formation transmits
groundwater with a greater ease compared to the sandstone material in the Ajali
Formation. Only a small section of area within the Ajali Formation recorded rela-
tively higher aquifer transmissivity (4500 - 6000 m?*/day) and hydraulic conduc-
tivity values (45 - 65 m/day). This area lies west Opi and Ogozara (Figure 10 and
Figure 11).

747 7475 748 7485 749 7495 75

Latitude

Transmissivity (

747 7475 748 7485 749 7495 75 7505 751 7515 752 7525
Longitude

Figure 10. Contour map showing very high transmissivity values at the northeastern and
southeastern parts of the study area.
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Figure 11. Contour map showing the spatial distribution of aquifer hydraulic conductiv-
ity values within the study area. Very high hydraulic conductivity values are also observed
at the northeastern and southeastern parts of the study area.
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4.2.5. Distribution of Aquifer Longitudinal Conductance and Transverse
Resistance

The variation in aquifer longitudinal conductance within the study area follows
similar pattern with the variation in aquifer transmissivity and hydraulic con-
ductivity (Figure 12) with some minor exceptions. A slight homogeneity in the
distribution of longitudinal conductance exists at the noth-central, northeastern
and central portions of the study area where mainly low aquifer longitudinal
conductance (0.1 - 0.7 Q") values were recorded. A NW-SE strip of moderate
aquifer longitudinal conductance values, stretching northeast of Opi, is observed
around VES 4, 17 and 18 with values that range from 0.8 to 0.9 Q' (Figure 12).

The high conductance values could imply that the groundwater at the nor-
theastern and southeastern areas posseses higher saline content compared to
other areas. Fresh water bearing aquifer are more likely to occur at the central
and north-central extremities of the study area where lower aquifer longitudinal
conductance values are recorded. In some areas, the values of aquifer longitu-
dinal conductance varied inversely to those of aquifer resistivity in the same
areas. This is especially true for the northeastern, southwestern and partly the
northwestern parts of the study area (Figure 7 and Figure 12).

Low values of aquifer transverse resistance occur at the central, southern and
western regions of the study area (Figure 13). Only the northern end of the
study area reveals moderate and very high values of transverse resistance (40,
000 to 170,000 Qm?) which are typical of very prolific aquifers.

747 TA475 748 7485 749 7495 75 7505 751 7515 752 7525
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747 7475 748 7485 749 7495 75 7505 751 7515 752 7.525
Longitude

Figure 12. Contour map showing the spatial variation in aquifer longitudinal conduc-
tance, which is closely similar to the spatial distribution of aquifer hydraulic conductivity
and transmissivity in the study area.
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Figure 13. Contour map showing the distribution of aquifer transverse resistance in the
study area.
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Figure 14. Groundwater potential map showing areas of high, intermediate and low po-
tential for groundwater resources.

4.3. Hydrogeological Zonation

In demarcating the study area into groundwater potential zones, the various
maps (transmissivity, hydraulic conductivity, longitudinal conductance, depth,
thickness and resistivity) showing different aquifer hydraulic property distribu-
tion in the study area were overlaid to produce a groundwater potential map for
the study area. The aim is to assess the sub-surface lithology suitable for low, in-
termediate or high groundwater potentials and hence, determine the area(s) that

is best fit for borehole placement.
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The generated groundwater potential map is displayed in Figure 14. The
north-western part of the study area underlain partly by the Ajali and Mamu
Formations, and situated west of Ogbozara and north of Opi shows the highest
groundwater potential in the study area. The aquifer materials underlying this
area is characterized by low resistivity, shallow depth, thick beds, moderate
transmissivity and hydraulic conductivity, low longitudinal conductance and

high transverse resistance.

5. Conclusion

The investigation of the hydrologic parameters at Ogbozara/Ekwegbe-Agu and
the Environ using Dar-Zarrouk parameters has shown good result. After per-
forming the investigation, the corresponding results show that the dominant
curve type obtained from the different formations is the AK curve type followed
by the HK curve type. The hydraulic conductivity in the area ranges from 5
m/day to 50 m/day, while the transmissivity values range from 1000 m*/day to
14,000 m*/day. The aquifer resistivity in the study area ranges from 1 Qm to 500
Qm. The depth to the water table range from 13 m - 20 8 m with a mean value of
76.05 m, while aquifer thickness varies between 95 m and 140 m with a mean
value of 102.89 m. The values of the Dar-Zarrock parameters revealed that the
transverse resistance varies between —10,000 Qm* to 170,000 Qm?’, while the
longitudinal conductance varies from 0.1 Q' to 1.9 Q7'. From the generated
groundwater potential map of the study area, the north-western part of the study
area underlain partly by the Ajali and Mamu Formations, shows the highest

groundwater potential in the study area.
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