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Abstract 
This report evaluates the use of electrical method and borehole data to inves-
tigate the subsurface to delineate the groundwater potential in Enugu metro-
polis and the environs, south-eastern Nigeria other than rely only on resistiv-
ity method which could lead to interpretation error. Integrating these 2 data 
sets is key in this study. The study area is located in the Anambra Basin and 
is underlain by Nkporo/Enugu Shale which is overlain by the Mamu For-
mation. It is bounded by Latitudes 6˚2 0'00"N to 6˚30'00"N and Longitudes 
7˚25'00"E to 7˚35'00"E and covers surface area of about 342 m2. Thirty-one 
vertical electrical soundings (VES) were carried out across the area using the 
Schlumberger electrode array with current electrode separation from 2 to 500 
m to identify the depths and resistivity values of the identified geo-electric 
layers. Through data analysis using WinResist software, the apparent resistiv-
ity, thicknesses and depths and the thicknesses of the aquifers were generated. 
The resistivity and depths were modelled to generate resistivity map and 
depth map. The resistivity of the aquiferous zone within the study area varied 
from 20.55 - 427.8 ohm-m at depths of between 10.7 - 40.05 m. Depth to the 
water table appears to be shallow at the south western part of the map. The 
interpreted geo-electric layers show a sequence of lateritic top soil, shale, sand 
and shale. The frequency distribution of the VES curves generated shows the 
presence of 3 to 5 layers with HK type as the highest. Also, a 2D model was 
generated using the correlation of VES to VES data and borehole data to VES 
data to show the underlying stratigraphy beneath the study area as well as the 
direction of ground water flow. Result of the VES curve analysis reveals that 
the sub-surface is underlain by three lithological layers namely: lateritic top 
soil, shale, sand and shales with NW direction of groundwater flow from the 
2D model. Groundwater prospective zones can be seen along NW, SW and 
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central parts of the study area which have low resistivity values. 
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1. Introduction 

Groundwater is water that exists underground in saturated zones beneath the 
land surface. It fills the pores and fractures in underground materials such as 
sand, gravel, and other rock where it is stored in and moves slowly through geo-
logic formations like porous and permeable rocks called aquifers like sandstones 
or porous but impermeable rocks called aquicludes like shale. Groundwater is a 
vital resource of nature and is stored in the subsurface. The principle of detect-
ing the existence of groundwater in saturated layers in the subsurface had been 
clearly explained by the early authors such as [1] [2] [3] and [4] among others. 
The demand for water over decades has greatly increased and its exploitation for 
adequate usage has become a thing of worry and necessity. Enugu Metropolis 
and the environs are underlain primarily by impermeable rocks, with only iso-
lated regions having interlayering of sandstones [5]. This makes sourcing of wa-
ter in the area highly problematic. This is so as the city is the capital city of 
Enugu state, which makes the place an urban city with teaming population that 
requires water for wide range of applications including domestic and industrial 
purposes. There is therefore increasing need to carry out detailed study of the 
subsurface to identify potential areas for groundwater accumulation to be able to 
meet the needs to the populace. Following the increasing population and inac-
cessibility of groundwater in the area, there is need to explore for groundwater 
potential in order to meet the need of the populace in the area. To achieve this, 
we must have a reliable estimate of groundwater potential by integrating data 
from different methods. This has routinely been done using borehole and geo-
physical method. This helps to understand the nature and distribution of the 
different rock layers in the subsurface that could be storage locations for the 
groundwater. Geophysical methods among others are powerful tools to study 
and acquire very good information about the aquifer [6]. The geophysical 
methods provide information about the aquifer’s resistivity, thickness and dis-
tribution. The electrical resistivity has been used because of its relatively high 
diagnostic values and simplistic technical nature. A relatively inexpensive way to 
prospect for groundwater, both on a small and large scale is by using electrical 
resistivity method of geophysical prospecting; this method is fast, repeatable, 
relatively cheap and non-intrusive, thus making it a practical alternative to tradi-
tional approaches. Reference [7] had successfully characterized the aquifer 
properties in the Cenonian aquifer in central Sinai, Egypt by combining the re-
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sults from vertical electrical sounding and transient electromagnetic data. In the 
same vein, reference [8] employed the vertical electrical sounding method to in-
vestigate the groundwater potential at Nsukka L.G.A of Enugu state, Nigeria. 
Their result shows that the method was useful in determining the thickness of 
saturated layers in the area from the variations in the resistivity. Also, reference 
[9] employed the electrical resistivity method to carry out a hydrostratigraphic 
and hydrogeology study of western part of Maira area in Pakistan. A regression 
curve relation between the results from the electrical sounding and the pumping 
test proved that the electrical method a good tool in aquifer characterization. In 
2013, reference [10] adopted the principle of electrical resistivity sounding 
method in their aquifer hydraulics studies and was able to delineate groundwater 
quality zones as low, very low and negligible potential zones using electrical re-
sistivity method at Oduma and environs in Enugu State. In 2013, reference [11] 
used the electrical resistivity method to identify the resistivity, thicknesses of the 
different layers, hence infer the aquifers in the area. Also the borehole log was used 
to correlate some VES in the study area to identify the direction of groundwater 
flow since VES is able to map the subsurface structures and lithologic variations 
at satisfactory depth. Similarly In 2014, reference [12] studied the groundwater 
potential at Lokpaukwu, Abia state using electrical resistivity method proving its 
potency in determining the water table at different depth proving the potential 
of the resistivity method in determining the groundwater occurrence in an area. 
Reference [13] used electrical resistivity method to determine the aquifer char-
acteristics in parts of Anambra state. They successfully delineated the aquifer 
layers and estimated the aquifer characteristics by applying both curve matching 
and computer-aided software interpretation. Also, [14] used the electrical 
sounding method to evaluate the aquifer potential and successfully characterized 
the aquifer on the basis of the hydraulic conductivities. [15] also applied the ver-
tical electrical sounding method to successfully explore for groundwater in 
Onitsha and the environs and were able to identify areas that can produce sus-
tainable water supply. Similarly, reference [16] adopted the principle of vertical 
electrical sounding technique and successfully determined the groundwater 
prospects in Awgu and the environs in Enugu state, southeastern Nigeria. [17] 
similarly successfully employed the electrical resistivity sounding method to as-
sess the groundwater potential at Ewuloja and its environs, southwestern Nige-
ria. Reference [18] also employed a combination of direct current electrical re-
sistivity method with pumping test data in their investigation of groundwater. 
Interpretation using FORTRAN Resistivity 2D Inverse computer program were 
able to delineate the subsurface layers and identify saturated areas occupied by 
groundwater. In 2019, Reference [19] utilized a geoelectrical sounding technique 
and determined the groundwater potential aquifer zones in Anambra state. The 
current research is therefore to combine the electrical resistivity sounding 
method together with borehole data to properly characterize the subsurface with 
a view to identifying areas of better potential for groundwater. 

https://doi.org/10.4236/ijg.2022.131004


C. C. Nwachukwu et al. 
 

 

DOI: 10.4236/ijg.2022.131004 57 International Journal of Geosciences 
 

1.1. Location and Accessibility 

The study area, Enugu metropolis and environs, is located within the Anambra 
Basin, southeastern Nigeria. It is bounded by Latitudes 6˚20' to 6˚30' North of 
the equator and Longitudes 7˚25' to 7˚35' East of the Greenwich Meridian 
(Figure 1). The project area can be accessed through roads and footpaths. A 
major road from Ngwo in Enugu North through to Abakpa Nike to Nchatancha 
can lead to the study area. Paths linking villages, streams and farmlands also ex-
ist in the study area. Figure 1 shows the location and accessibility map of the 
study area. 

1.2. Geology of the Study Area 

The study area lies on the geologic formation referred to as Anambra Basin 
which is at the flank of Benue Trough. The lithology comprises dark gray, often 
friable shales with occasional thin beds of limestone and sandstone. The type lo-
cality is Nkporo town and it is of shallow marine origin with a thickness of about 
150 metres. The Owelli Sandstone, Enugu Shale/Asata Shale are lateral equiva-
lents of the Nkporo Shale. Figure 2 is the geology map of the study area. 

 

 
Figure 1. Location map of the study area. 
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Figure 2. Geologic Map of the Study Area. 

2. Material and Methods 

The resistivity data were obtained from field data acquisition using Abem Tera-
meter using the Schlumberger array method. The two current carrying electrode 
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were used to introduce current into the ground. The responses of the underlying 
materials were recorded by the two potential electrodes. The data collected were 
analyzed using Win Resist software to generate the apparent resistivity and 
thicknesses of the layers. The resistivity of the model blocks is adjusted iterative-
ly until the calculated apparent resistivity values of the model agrees with the 
actual measurement [20]. VES surveys were performed to obtain deeper mea-
surements and increasing the separation of the current electrodes increases the 
depth of current penetration, which allows for a deeper depth of investigation as 
seen in Figure 3. In a VES using the Schlumberger array, the effective depth of 
penetration is generally 20% - 40% that of the outer electrode spacing (AB), de-
pendent on the earth resistivity structure. The current flow and equi-potentials 
are distorted as they pass from one resistivity medium to another. VES is useful 
in determining the depth of overburden, thickness, structure, and resistivity of 
flat-lying sedimentary beds and possibly the basement, if it is not too deep [3]. 
The data collected were analyzed to generate the sounding curves of the layers in 
the area. 

Where AB and MN are current and potential electrodes respectively [2], a 
multilayer resistivity model consists of layer apparent resistivity, thickness and 
depth. Borehole logs were obtained from borehole drilling in the study area by 
private drillers and correlated with some VES to generate the 2D model showing 
the stratigraphy of the study area and groundwater flow direction. 

Field Data Acquisition 

Thirty one vertical electrical soundings (VES) were carried out across the area  
 

 
Figure 3. Current flow pattern. 
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using the Schlumberger electrode array configuration with current electrode se-
paration (AB) varying from 2 to 500 m to identify the various geo-electric layers 
under laying the study area accompanied by their respective depths and resistiv-
ity values. The depth to water and resistivity of the aquiferous zones beneath 
each VES station were further modelled to generate depth and resistivity maps of 
the area. After acquiring the data, the measured field resistance (R) in ohms was 
converted to apparent resistivity (ρₐ) in ohm-meter by multiplying resistance (R) 
by the geometric factor (K). A log-log graph plot of apparent resistivity (ρₐ) 
against current electrode distance (AB/2) was plotted for each VES station to 
generate a sounding curve as seen in Figures 4-8. The table of some resistivity 
values and thicknesses of the VES are shown on Table 1 and Table 2. 

 
Table 1. Field Data VES; 1-5. 

VES S/N VES 1 VES 2 VES 3 VES 4 VES 5 

S/N AB/2 MN/2 ρa ρa ρa ρa 
ρa 

HalfSchlumberger 

1 1.5 0.5 2.0133 173.3928 53.97583 228.1037 14.1372 

2 2 0.5 1.8488 221.9226 64.83006 233.358 47.124 

3 3 0.5 2.39 291.1871 81.83868 321.0323 117.81 

4 5 0.5 2.7766 399.5173 93.24897 319.5007 247.401 

5 8 0.5 3.516 648.1859 101.06528 689.7383 194.3865 

6 10 0.5 3.2932 704.2769 123.05018 984.4015 128.1773 

7 15 0.5 3.8124 854.3787 163.13885 557.9482 313.3746 

8 15 3.5 4.0484 892.8758 171.1544 104.1205 158.8668 

9 20 3.5 3.7144 155.9131 58.16448 316.9762 306.9071 

10 30 3.5 3.972 226.3747 90.08314 351.6797 994.4126 

11 40 3.5 4.314 345.2955 95.1456 410.3715 245.5377 

12 50 3.5 4.059 448.3512 101.1012 513.3823 512.2571 

13 50 14 3.6907 713.0534 128.48107 612.5222 162.8759 

14 75 14 4.8546 874.3746 162.316 663.663 398.7508 

15 100 14 6.2297 203.8394 66.5346 334.0755 230.8114 

16 150 14 8.906 440.5253 118.4622 480.9173 122.3706 

17 200 14 10.593 751.4034 109.9784 779.229 392.8603 

18 200 42 9.5256 762.60938 130.49825 1698.953 966.0345 

19 300 42 13.483 775.99230 242.0996 1355.657 201.0945 

20 400 42 14.05 958.50857 240.5568 1915.478 638.0013 

21 500 42 15.823 878.95769 240.60666 157.08 680.965 

22 600 42 12.33 682.01061 299.20 385.6875 169.0124 
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Table 2. Field Data VES 6-11. 

VES S/N VES 6 VES 7 VES 8 VES 9 VES 10 VES 11 

S/N AB/2 MN/2 ρa ρa ρa ρa ρa ρa 

1 1.5 0.5 49.12677 331.0932 331.0932 375.1306 380.6441 1357.878 

2 2 0.5 126.795 238.8873 238.8873 314.7883 446.4842 1328.268 

3 3 0.5 142.5108 333.5987 333.5987 179.0123 492.8385 1347.354 

4 5 0.5 149.2606 371.8084 371.8084 166.0273 514.594 1384.88 

5 8 0.5 185.5115 519.3065 519.3065 118.6739 767.8072 1019.449 

6 10 0.5 229.2111 560.1598 560.1598 61.56531 618.882903 711.962 

7 15 0.5 280.325 519.9348 519.9348 33.30096 779.015484 538.1561 

8 15 3.5 286.8438 549.4423 549.4423 19.28314 790.743548 410.7563 

9 20 3.5 226.2962 487.2285 487.2285 26.61833 585.519548 316.3703 

10 30 3.5 308.0563 286.3344 286.3344 9.758707 638.807895 438.7469 

11 40 3.5 430.6797 144.6819 144.6819 10.60851 605.88 158.1459 

12 50 3.5 529.943 84.37889 84.37889 12.28725 525.4999 54.0445 

13 50 14 746.0851 30.22399 30.22399 28.47187 437.3107 29.56335 

14 75 14 857.3202 19.25352 19.25352 18.08664 408.2958 41.87304 

15 100 14 860.574 25.56758 25.56758 15.94082 39.80295 110.3487 

16 150 14 795.8486 21.149 21.149 23.61039 54.01799 99.40219 

17 200 14 373.7382 28.76808 28.76808 15.61824 60.96636 95.35878 

18 200 42 306.0956 51.83991 51.83991 18.88116 56.53828 69.31856 

19 300 42 119.9138 56.29635 56.29635 86.48937 52.48436 200.4453 

20 400 42 20.20498 70.0906 110.0906 162.4207 63.23592 436.1887 

21 500 42 27.6012 56.36104 46.36104 291.2712 102.3713 55.21736 

22 600 42 21.92575 61.10225 61.10225 34.595 73.2105 26.53063 

3. Data Interpretation 

The interpretation was done using the thickness, resistivity values of the 
geo-electric units curve types generated. The interpreted VES data and their re-
sults are shown in Figures 4-8. 

3.1. Resistivity Data Analysis and Interpretation 

Data interpretation included analyses of the subsurface layers based on the vari-
ation of the geo-electric layers from the vertical electrical sounding data. The 
WinResist software was employed for the analysis of the variation of the appar-
ent resistivities over various penetration depths. The apparent resistivity (AR) 
values generated were used to plot against the half-current spacing’s on log-log 
graph to generate the field curves using the WinResist software. The software  
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Figure 4. Interpretation curve for VES 3. 

 

 
Figure 5. Interpretation curve for VES 17. 

 

 
Figure 6. Interpretation curve for VES 19. 
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Figure 7. Interpretation curve for VES 21. 

 
was able to transform, model the values to obtain a best fit relation to the field 
data. Assumption that the earth consists of uniform layers, separated by hori-
zontal interfaces was noted in the interpretation of the resistivity sounding. The 
parameters obtained from the modelling are, the number of layers, apparent re-
sistivity values for each layer, and thickness for each layers. Within the area of 
study which is composed of more than three layers of resistivity (Figures 4-7) ρ1, 
ρ2, ρ3 and thicknesses h1, h2, and h3 = ∞  the geoelectric section is described ac-
cording to the relation between their resistivity values ofρ1, ρ2, ρ3. This gave rise 
to different types of geo-electric curves such as H-type ( 1 2 3ρ ρ ρ> < ), A-type 
( 1 2 3ρ ρ ρ< < ), K-type ( 1 2 3ρ ρ ρ> < ), and Q-type ( 1 2 3ρ ρ ρ> > )., However, in 
general for more than three layers, the n-layer section is described by (n − 2) let-
ters. Figures 4-7 are the representative VES curves generated from the resistivity 
data acquired.  

3.2. Results 

Data analyses were conducted using both apparent resistivity and borehole data. 
Results obtained from the interpretation and data analysis include depth to ap-
parent resistivity curve and 2D map of the aquifer zones. Results show that the 
apparent resistivity of the aquiferous zones varied from relatively low values 
(20.55 ohm meter to 153.451 ohm-meter) to high values (292.1 ohm-meter to 
427.8 ohm meter). The low resistivity values in these areas suggest the possibility 
of weathered shales with the presence of groundwater. The results from the 
modelled resistivity data reveal that VES curves obtained across the study area 
vary from 3 layer curves to 5 layer curves. The 4 layer curves are highest in oc-
currence as seen in Figures 5-8. The classification of the different curves types 
shows the following curve types in the study area, viz; HA and KQ with the 
highest occurrence (3 each). The rest of the curve types such as (KQQ, QHK, 
HK, QQ, KH, QQH,) appeared twice each and (HKH, KHKH, KQH, HKQ, 
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HAK, AK, Q, A) appeared once each. Table 3 presents the curve types and their 
frequencies and percentages. 

 
Table 3. Curve types in the study area. 

Curve type Frequency Percentage (%) 

HA 3 11.53 

KQ 3 11.53 

KQQ 2 7.69 

QHK 2 7.69 

HK 2 7.69 

QQ 2 7.69 

KH 2 7.69 

QQH 2 7.69 

HKH 1 3.85 

KHKH 1 3.85 

AK 1 3.85 

HKQ 1 3.85 

HAK 1 3.85 

KQH 1 3.85 

Q 1 3.85 

A 1 3.85 

 

 
Figure 8. VES curve types and percentage distribution of frequencies in the study area. 
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3.3. Depth and 2D Resistivity Models 

Further 2D resistivity model was done using geospatial software, ArcGIS to 
model the variations in the geospatial variation in the apparent resistivity in the 
area to infer the surface-wide distribution of aquifer in the areas at given depth. 

The depth and resistivity models of the study are shown in Figure 9 and Fig-
ure 10 respectively. The depth model shows colour-coded relative depths to the 
potential aquifers in the area. The blue colours shows areas with depth ranges 
from 10 to 20 m. Groundwater potential in the area is indicated by the blue co-
lour (deeper potential) at the depths of 40 m in towns such as New Haven, 
Trans-Ekulu, Nike, Nowas, Uwani, Enugu South, Awkunawnaw, etc. and at One 
Day, Garki at the depth of 70 m to 90 m. However, majority of the study area in-
cluding areas such as the Ugwu-Aji, Ngwo, Ogui Lauout, Ogui Layout hold 
shallow water at depth of 20 - 30 m in the weathered shale. These areas are  

 

 
Figure 9. Depth model of aquiferous zones in the study area. 
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Figure 10. Resistivity model of the study area. 
 

colour-coded green in Figure 9. Figure 10 shows the resistivity model of the 
study area. Areas such as Ogui, Okpara Avenue and areas within VES 1, VES 8 
and VES 16. These areas are colou-coded red. The area is underlain by rocks 
with resistivity range of 292 - 420 ohm-meter. Medium range areas were co-
lour-coded with green coloour. The areas include Ugwuogor, Ngwo, Ogui, Ug-
wuaji and eh surrounding areas. The least resistive areas at this 40 m depth were 
interpreted for the areas that were colour-coded blue colour. The areas underlain 
by these properties include Nowas, Nike, Trans Ekulu, NNPC filling station area, 
New Artisan, Emene, One day layout, Garki, Akunawnaw and Atugbuoma areas. 

Correlation carried to evaluate the relationship between the different horizons 
were obtained from the resistivity and some nearby borehole data in the area. Fig-
ure 11 shows the correlation of the VES data along a cross section. The correlation 
established that the good saturated zones were correlatable across the Northwest  
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Figure 11. The correlation of the VES data along the cross section A-A-1 
 

 
Figure 12. Correlation of borehole 1 to VES 7 and VES 10 along A-A-1. 
 

and southeast area of the study area, and vary in thickness from Northwest to 
South East. 

Figure 12 shows the correlation of borehole 1 to VES 7 and VES 10 along the 
southwest and northeast section. The resistivity model here also shows the varia-
tion of resistivity across the study area. Deeper section at the Southwest areas 
collate to shallow areas at the Northeast areas. 

4. Conclusions 

The study shows that Enugu Area is essentially underlain by shales, which make 
prolific aquifer absent. However, the main water resource lies within the wea-
thered shale at shallow levels, between 40 to 70 m in some places. The vertical 
electrical sounding results gave dominantly 4 geoelectric layers, corresponding 
underlying rocks comprising of weathered top soil, weathered shale, shale, satu-
rated shale and sandy shale. VES points probed within the horizon, not all the 
delineated areas is prolific. These aquifers exist at different depths within 40 m 
horizon. In areas such as Garki and One Day layout, slightly deeper aquifers ex-
ist in the layer with intercalation of sandstone. The values of the resistivity of the 
aquifer range from 20.55 Ωm to 427.8 Ωm at shallow layers. However, below 40 
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m around 70 m to 90 m and from VES and Borehole data, saturated aquifers 
which can serve the domestic purposes of the inhabitants around Gariki can be 
located. Hence future groundwater exploration should concentrate on areas with 
greater depth of 70 m to 90 m around Garki and One day Layout. Also, sand-
stone bed at the deeper section at Nike area, also provides good groundwater 
within the area to provide enough water supply through moderately deep well to 
domestic use in the area. 

Groundwater potential in the area is at a relatively shallow depth of 40 m in 
areas such as New Haven, Trans-Ekulu, Nike, Nowas, Uwani, Enugu South, 
Awkunawnaw. Deeper groundwater potential exists isolated zones, especially at 
One Day Layout, Garki and Nike areas at the depth of 70 m to 90 m. However, 
majority of the study areas including areas such as the Ugwu-Aji, Ngwo, Ogui 
Lauout, Ogui hold shallow water at depth of 20 - 30 m in the weathered shale. 
Resistivity values that range from 292 - 420 ohm-meter are found at Ogui, Ok-
para Avenue as seen at VES 1, VES 8 and VES 16. Medium range areas include 
Ugwuogo, Ngwo, Ogui, Ugwuaji and the surrounding areas. The least resistive 
areas at this 40 m depth were Nowas, Nike, Trans Ekulu, NNPC filling station 
area, New Artisan, Emene, One day layout, Garki, Akunawnaw and Atugbuoma 
areas. Therefore with careful selection of borehole point, moderate to good 
quantity of water to serve domestic purpose can be achieved in the areas. Resi-
dents at these areas are advised to drill deeper to obtain good aquifer yield at the 
above areas instead of relying on shallow zones which are less saturated and do 
not yield reasonable quantity of water due to the impermeable nature of the un-
derlying rock, the shale. 
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