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Abstract
Aim/objectives: This research is geared towards integrating Vertical Electri-
cal Soundings (VES) and Electrical Resistivity Tomography (ERT) profiles con-
strained with geoelectric sections and borehole logs to assess the vulnerabil-
ity of the aquifer units employing Aquifer Vulnerability Indexing (AVI) method.
Method: The dataset used in this study comprises of fifty VES, five ERT profiles
surveyed in parts of Enugu north in Enugu state, two geoelectric sections and
three borehole logs. The computer andmanual interpretation of VES resistivity
data using WinResist software gave values of resistivity, depth and thickness
of each geoelectric layer using half current electrode spacing of 1.0 to 450.0
m and maximum current electrode spacing of 900 m. 2D imaging data from
the measured field resistance values were processed using RES2DINV×32 ver-
sion 3.71.115 software. The geoelectrical sections show the variation of resistiv-
ities with depth along transcent lines. The geohydraulic parameters were also
estimated. Finding: Interpreted VES data revealed five to six geoelectric lay-
ers and fundamental parameters generated were used to estimate the values
of hydraulic conductivity (σ ) and hydraulic resistance (C) of the covering layers
ranging from 0.010 to 0.769 mday−1 and 40.47 to 8292.0 day−1 respectively.
This research revealed high hydraulic conductivity in the western part implying
good groundwater potential with moderate to high protective capacity while
areas with low hydraulic conductivity correspond to areas with high resistivity
indicating little or no pore space and total devoid of water. The hydraulic resis-
tance quantifies groundwater vulnerability using AVI and reveals that the area
of study is characterized by low to high AVI with moderate AVI dominanting.
Originality and novelty: The estimated geohydraulic properties from resistiv-
ity data and their spatial spread are promising and could increase the depth of
knowledge on groundwater vulnerability within and around the study area.
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1 Introduction
Socio-economic development depends majorly on water considering its importance on plants, animals and human activities
such as agricultural industry, manufacturing industry, transportation industry, construction industry, home usage and life
which cannot be overemphasized (1), (2). The abundance and value of groundwater resources transcends from generation
to generation. Health awareness through science and technology increased the quest for water that is fresh and free from
contamination since our surface water (rivers, seas, oceans, ponds, lakes, springs and streams) are believed to be easily
polluted (3). Hence the need for adequate, clean, safe and good quality water source in both rural and urban areas becomes
necessary. Groundwater quality is generally considered to be superior to surface water (4) because of the purifying effects of the
soil column as a result of the earth acting as natural sieve during the process of percolation.

Sedimentary rocks have larger thickness (5), aquifer in sedimentary basin might lie in the deeper layers, considering the
depths to the aquifer layer may scare individuals from drilling in this area without actually getting geophysical information. In
some cases residents drilling to get potable groundwater face challenges of boreholes not yielding to satisfaction, not being able
to get to the water table, contamination of the extracted groundwater in taste or odor. In addition, Nigeria is listed as one of the
countries among 39 countries in the SubSahara Africa that practice open defecation (6) making ground water an unsafe source
of drinking water for many areas (7). The potential for ground water to become contaminated through human activities on the
earth surface has come to lime light in recent years. Once contaminated, it is very difficult and costly to clean up ground water
while in many attempted cases, it becomes impossible to achieve within a reasonable time (8), (9). There is a relatively high cost
of replacing unsafe sources with bottle treated water or other measures than existing potable ground water resources (10).

The contamination of the aquifer depends on factors like the depth to the aquifer, concentration of contaminants, and
permeability of subsurface layers, geological setting and the direction of groundwater flow (11–13). In determining the quality of
groundwater, the geochemical or biogeochemical mineral composition of aquifer rocks and groundwater flow are considered.
Theflowof theseminerals helps in determining the direction of contaminant flow in the groundwater. Although themineralized
water has agricultural benefits, environmental and human health conditions can be negatively affected.

The chemicals in the waste are dissolved by water (a process called leaching) resulting in contaminants, which has the
potential to pollute groundwater resources. The electrical properties of the groundwater change as a result of the contaminants
percolating into the subsurface (14). There is need for proper knowledge of the subsurface geology since uncontaminated
groundwater will serve as a major source of water supply. Wildcat drilling has exposed many groundwater repositories to
contamination due to inadequate geologic knowledge of the location of water-bearing sediments (4), (15), (16) because lack of
knowledge about location of aquifer in the study area and illegal drilling without getting to the aquifer made groundwater
repositories in the area prone to contamination. Electrical resistivity methods enable the detection of contamination plumes
due to the large contrast in the electrical conductivity of contaminated fluids relative to that of groundwater (17).The integration
of geophysical and physicochemical methods in assessing groundwater quality gives precise and valuable results, since the
physicochemical method helps in confirming the behavior of groundwater to resistivity measurements (18). Generally, the
electrical resistivity method is preferred in a groundwater study due to its high resolving power, economic viability and it’s
minimal to non-invasiveness. In a geophysical survey, the measured physical parameters are unique, as these parameters give
anomalous signatures of which the interpretation is important.

Researchers have employed the electrical resistivity method in characterizing groundwater problems related to aquifer
potentiality to yield water (4), (16), (19–24) and contamination by delineating vulnerable zones, migration and the extent of
contamination (11), (4,25–34). AVI has also been employed to quantify the aquifer vulnerability of an area andhas been proven to be
simple, faster and is widely used by researchers (35–37).The use of electrical resistivitymethod is very important in environmental
monitoring and assessment. This method is centered on the reaction of the earth subsurface to the passage of current and the
vertical electrical sounding (VES) employed to measure the vertical variations of resistivity with depth.

The conductivity of most contaminants are much higher than the conductivity of natural groundwater, and this large
gap in conductivity values enables contamination plumes to be easily indentified using geophysical methods. The electrical
resistivity methods (VES and ERT) are very useful in studying groundwater contamination due to the conductive state of most
contaminants (17). The use of VES and ERT gives a detailed knowledge of the features of aquifer hydrogeological units and
detection of the contaminant plume. 2-D resistivity imaging (ERT) also has the probing power to reveal the vertical and lateral
variation in resistivity related to changes in water content, chemical content and contaminant flow rate (38). Also through the
identification of fractured and weathered zones, the chance of drilling successfully has been improved (39).The objectives of this
study are to employ integrated electrical resistivity methods to assess susceptibility of groundwater to surface contamination,
delineate the potential site for groundwater development and identify the possible vulnerable zones.
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1.1 Location and Geology of the Study Area

The study area falls within the Anambra sedimentary Basin of the lower Benue Trough in the northern part of Enugu state
comprising Nsukka, Igbo-Eze north, south and Udenu local government area of Enugu state. The coordinates of the study area
lies between latitudes 6◦80’N-7◦03’N and longitudes 7◦15’E – 7 ◦31’E ( Figure 1 ). It covers a total surface area of approximately
3961 km2. The main geomorphic features comprise high peaked hills and undulating slopes criss-crossed with dry valleys. The
vegetation is guinea-savanna type. The topography is highly undulating with elevation which varies between 281 and 521 m
above sea level measured in the field and is peaked at Umuabo-Ehalumona area at 521m ( Figure 2 ).There is a gentle downward
slope E-W direction because of the fragile nature of the sandstone. The western part of the study area has numerous gully sites
and valleys while the eastern portion is dominated by the cuesta topography.

The three main outcrop formations in the area are the Nsukka Formation (Upper Maastritchian) that presents essentially
as outliers and laterite crusts in the hilly areas, the Ajalli Sandstone (Middle Maastritchian) made up of friable cross bedded
sandstone that is the main aquifer and the underlying Mamu Formation (Lower Maastritchian) which comprises sandstone,
shales, sandy-shales and coal outcrops towards the eastern extremity of the Nsukka area. Eroded remnants of the Nsukka
formation forms outliers with a thickness average of 250 m (40) and springs which produces perched aquifer systems found
within topographically controlled flow cells that are not in hydraulic continuity with adjacent cells which dry up during dry
seasons (41–45). The variation of the depth to perched water table varies between 3–10 m below the surface throughout the area
and is solely affected by season and relative elevation.

The Nsukka and Ajalli formations belong to the same hydrostratigraphic unit (45), with thick water table aquifers. Since
the hydraulic setting of Nsukka formation does not allow spring formation, water flows vertically downward to contribute to
the regional system produced mainly by the Ajalli Sandstone. Regional flow is essentially from east to west. However, the Ajali
sandstone harborsmost of the aquifer layers with aquitard units (46) and consist of medium to coarse sand that forms the aquifer
while the thin clays, silty clays and fine-grained sand units of the formation form the aquitards. Aquitards in the area are not
evidently formed at the upper horizons. The 5.07 runoff percentage is insignificant when compared to the high permeability of
the underlying soil mantle and Ajali sandstone that directly lies under the soil across the area (44).

The aquifer table water in this area lies in the middle to upper layers of Ajali sandstone and in the upper layers of the Manu
formation constituting zones that partially recharges the deeper-seated confined aquifers (47), (48). The northwestern part of
the area are mostly lowlands serving as reservoir collecting almost all the run offs during the rainy season. The two seasons
are the dry season and the rain season. The dry season is completely devoid of moisture and starts from November to April.
Temperatures attain maxima of 34 degrees in the dry season and can attain minima of 22 degrees during the rainy season.
Precipitation is high and approximate 1650mm/yr.

Fig 1. Location map of the study area
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Fig 2. Geologic map of the study area

2 Methodology
An IGIS resistivity meter was used to carry out electrical resistivity survey on the ground surface to measure the resistivity
distribution of the subsurface. The current and potential electrodes served as the transmitting and receiving cables to take
resistivity readings of fifty vertical electrical soundings carried out within the study area using Schlumberger electrode
configuration.Thiswas donewith half current electrode spacing (AB/2) ranging from1.0 to 450.0m and half potential electrode
spacing (MN/2) of 0.25 to 40.0 m. Maximum current electrode spacing (AB) was maintained from one location to another
considering areas of high and low elevation and settlement pattern in terms of good accessible paths for cables to be extended
up to 900.0m to ensure deeper depths.The computation of the apparent resistivity (ρa) was done using the values of the apparent
resistance (Ra) and geometric factor (GS) for Schlumberger array.

ρa = K
v
I
= GS.Ra (1)

Where GS is the geometric factor for Schlumberger array mainly affected by electrode arrangement and Ra is the field apparent
resistance measured from the equipment. Equation (1) can also be written as

ρa = π.
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where AB is the distance separating the two current electrodes while MN is the separating distance between the potential
electrodes, and where

GS = π.
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The field sounding point coordinates were measured using global positioning system instrument. The obtained apparent
resistivity values were plotted on a bi-logarithm graph at half electrode spacing and the smoothening of the curves was done by
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employing the linear vertical scales to suppress the effects of lateral inhomogeneities and near surface layers viewed as noise.
The pattern of variation of resistivity gives information on the subsurface layers, structures of formations that eventually give
rise to some sounding curves.

The least square inversion of filtered resistivity curve to true resistivity was electronically carried out using a flexible
WINRESIST software program. The electronic analysis produced VES curves with reasonable acceptable fit and gives the
primary geoelectric true resistivity, thickness and depth after series of repetitions with minimal RMS acceptable error margin.
Figures 3, 4 and 5 is typical geoelectric curves obtained from the computer aided analysis whose depths were constrained using
borehole logs as shown in Figure 6. The depth values were constrained because of the intrinsic problems of equivalence and
suppression that affect andmake it difficult to quantitatively interpret VES data. It also helps to reduce the choice of layermodels
through adjusting the layer thickness and depths as the resistivity varies at point of contamination (49), (50).

Fig 3. Geoelectric curve for VES14

Fig 4. Geoelectric curve for VES26
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Fig 5. Geoelectric curve for VES50

Fig 6. Borehole lithology logs. a: borehole lithologic log close to VES 17, b: borehole lithologic log closeto VES 26 c: borehole lithologic log
close to VES 50

The two fundamental parameters layer resistivity (ρ) and depth (h) describe a geologic unit and are necessary in the
interpretation of electrically stratified earth models. These quantities are essential in calculating the hydraulic conductivity
and hydraulic resistance for homogenous horizontal layers (35), (51). The porous and fractured nature of the subsurface rocks
is an indication that groundwater moves easily through the pore spaces and this describes hydraulic conductivity better. The
vulnerability of the aquifer protective layers is assessed using the hydraulic conductivity which according (52), can be computed
using in Equation (4).

K = 386.40ρ−0.93282 (4)

where K is the hydraulic conductivity and ρ is the aquifer resistivity.
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According to (35), there is an easy and quick estimation method known as aquifer vulnerability index (AVI) that uses the
vertical hydraulic conductivity K and the thickness h of the layers overlying the water table to calculate the hydraulic resistance.
This index evaluates the aquifer vulnerability through the estimated hydraulic resistance of each layer to vertical flow of water
and expresses the estimated value of the average travel time of a contaminant from the surface to the subsurface water table (53).
( Table 1 ) was used in rating the vulnerability of aquifer layers after the computation of hydraulic resistance. The hydraulic
resistance (C) was computed using the two parameters and is expressed as:

C = ∑n
i=1

hi

Ki
(5)

where hi is thickness and Ki is hydraulic conductivity of each covering layer.

Table 1. Relationship between aquifer vulnerability index (AVI) and hydraulic resistance (35)

Hydraulic resistance (C) log C Vulnerability (AVI)
0–10 < 1 Extremely high
10–100 1–2 High
100–1000 2–3 Moderate
1000–10,000 3–4 Low
> 10,000 > 4 Extremely low

The study area was also surveyed using the IGIS resistivity meter employing the Wenner electrode configuration which
yielded a detailed five ERT profiles by allowing equal electrode spacing (a) of 5 m between the pairs of current and potential
electrodes throughout the entire survey. All electrodes were moved at interval of 5 m, 10 m, 15 m, 20 m, to 65 m until the half
separation 200m andmaximum length of 400mwas exhausted.TheWenner electrode configuration is very prone to variations
in the subsurface resistivity which occurs in the vertical direction and can solve problems resulting from vertical changes in the
subsurface (54). Also Wenner electrode array have the ability to produce set of data with high signal to noise ratio (55). Equation
6 was used to calculate the apparent resistivity values for the 2D imaging from the measured field resistance values which was
further processed using RES2DINV×32 version 3.71.115 software package.

ρ
a=2π

△v
I

a (6)

The geometric factor GW for Wenner is given by:

GW = 2πa

where a is the electrode separation.

3 Results and Discussion
The quantitative interpretation of the VES data gave resistivities, thicknesses and depths values within the maximum current
electrode separation and also revealed five to six geoelectric layers and is shown in (Supplementary table 2). Layer one has
resistivity ranging from 40.4 to 3367.1 Ωm with depth and thickness value within the range of 0.5 to 3.9 m which can
be delineated as lateritic sand at the surface. The resistivity range of the second layer is between 92.2 to 11730.1 Ωm with
corresponding thickness and depth ranging from 1.5 to 20.4 m and 2.6 to 23.2 m respectively. The lithology third layer can be
described as coarse sand with varying resistivity values ranging from 85.3 to 73324.3 Ωm while its thickness and depth values
ranges from 3.6 to 85.7 and 8.9 to 94.6 m. The fourth layer is associated with relatively high values of resistivity from 153.7
to 91659.2 Ωm with its respective high thickness and depth values ranging from 22.4 to 174.3 m and 31.3 to 218.4 m. This
shows that it is extremely resistive when compared with the resistivity of the overlying layers, this lithologic unit harbors about
84% of the aquifer in the area. The fifth layer has resistivity range of 312.8 to 16675.1 Ωm with undefined thickness and depth
values except for VES 3, 8, 12, 13, 24, 23 and 38 with range of 45.1 to 154.4 m and 104.3 to 198.0 m. This layer is less resistive
and more conductive than the overlying layers harboring 14% of the aquifers within the area. The sixth layer is observed only
in VES 3, 8, 12, 13, 24, 23 and 38 with resistivity range of 1118.9 to 6892.0 Ωm and a totally undefined thickness and depth
values in all the VES stations. Since this layer is below the water table, the sediments in this lithologic unit are considered to be
unconsolidated (56). ( Figures 7 and 8) shows the variation of resistivities with depths in the geoelectric section along transect AB
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and CD ( Figure 2) which cuts across VES 18, 17, 16, 15, 14, and 36 and VES 38, 42, 7, 8, 9, 13 respectively. The earth materials
that dominates the subsurface are fine-medium grain sand, coarse grain sand, dark grey shale, fine grain sand, medium-coarse
grain sand, the fine grain sand and the coarse grain sand harbors most of the aquifer layers. The values of resistivity in Ohm-m
at various depths are indicated within the location and resistivity range that is geologically equivalent within the penetrated
depth is also shown.

Fig 7. Geoelectric section across transect AB

Fig 8. Geoelectric section across transect CD
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Overburden resistivity ranged from 589.8 to 85094.8 Ωm having an average value of 42642.3 Ωm with high values at the
southwestern part while low values spreads across other parts of the area ( Figure 9).Thickness range of 8.9 to 99.5 m having an
average value of 54.2 m was high at the northeastern and southwestern part while other parts have low thickness ( Figure 10).
This shows that some locations in the northeastern and southwestern part of the area is delineated as zones with the highest
overburden thickness indicating areaswith high protective capacity.The compact nature of the geomaterials at the top layers is as
a result of high resistivity values of the constituents. From the result, it is noted that most areas with high thickness corresponds
to areas of low resistivity.

Fig 9. Contour map showing variation of overburden resistivity in the study area.

Fig 10. Contour map showing variation of overburden thickness in the study area.

The computed hydraulic conductivity (K) was contoured ( Figure 11), and its variation ranges from 0.010 to 0.769 m
day−1 indicating that the western part of the area has high values of hydraulic conductivity while low values spreads from the
north down to contour map showing variation of overburden thickness in the study area. The southern parts of the study. The
variation of hydraulic conductivity parameter indicates the existence of clay stone argillites below the surface and characterizes
the changing behavior of an aquifer to allow groundwater to pass through the protective layers (37).
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Fig 11. Contour map showing variation of hydraulic conductivity in the study area.

The hydraulic resistance is the key parameter in quantifying groundwater vulnerability which indicates the protective
capacity of the aquifer layer. Its values range from 40.47 to 8292.0 secs. The capacity of geomaterials to delay the infiltration
of fluid into the subsurface is an estimation of its protective capacity because geomaterial naturally sieve the percolating
fluid (57), (58). The relationship between the aquifer vulnerability index (AVI), C and log C is shown in ( Table 1) while
(Supplementary table 3) shows that in most of the locations (29 locations), the rating of AVI was moderate and VES 7, 13,
43 and 44 rated high according to (35). ( Figure 12) is a contour map showing the distribution of hydraulic resistance and the
variation of the vulnerable zones across the area. It shows that part of southwest has moderate to high protective capacity while
the zones with low protective capacity dominates the study area. The southwestern zone with high hydraulic resistance can be
delineated as zone having lowpermeability which indicates high clay volumewhile zoneswith low values have high permeability
and low clay content thus are vulnerable to contamination.

Fig 12. Contour map showing variation of hydraulic resistance in the study area.
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Also, these zones with high resistive materials have high hydraulic resistance. The hydraulic resistance has an indirect
relationship with hydraulic conductivity. The model results of five surveyed ERT profiles are shown in ( Figures 13, 14, 15,
16 and 17). The inverted models clearly displayed variation in the subsurface resistivity, and delineated high and low resistivity
zones. These five profiles were taken close to VES points 2, 1, 7, 47, and 24 respectively. In profile 1 ( Figure 13), located at
Iheakpu- Isiugwu near VES 2 the resistivity distribution zones of low to mean resistivity (blue color) of outcropping gnesis
ranging from 0 to 549 Ohm m and a decreasing thickness from about 19.8 m at the beginning to 6.8 m toward the center
and increases to 12.4 towards the east. At a depth of 9.8 m and lateral distances of 70 to 110 m and 170 to 187m appears
a more conductive and lower resistivity layer indicating the presence of saturated sand with contaminated plumes. Below
the topsoil unit appears a weathered layer with increased resistivity ranging from 550 to 12400 Ohm m with an increasing
thickness from about 19.8m to 28.7 m and decreases toward the center. It is followed by a high resistivity with depth which
represents weathered gneiss. Beyond 28.8 m depth, the high resistivity (reddish color) values ranging from 12400 to 34872
Ohmm indicates the presence of a massive gneiss rock, with no tectonic fracture in the sedimentary rock showing total devoid
of water and insignificant hydrogeological prospecting. Hence, the aquifer layer is located at a shallow depth and can be exposed
to contamination within a short time because its vertical travel time will be small.

Fig 13. ERT profile 1 near VES 2

Profile 2 ( Figure 14) is located at Ibagwa-aka I near the VES 1 showing three layer formation. The continuous top soil
surface layer has mean resistivity (green-yellow color) ranging from 120 to 544 Ohm m located (west) within lateral distance
from 20 to 80 m and a highly weathered gnesis with high resistivity value ranging from 550 to 1150 Ohm m. This top soil is
composed of lateritic sandstone with thickness ranges from 1.3 to 13 m. Underlying the top soil is a highly resistive formation
with resistivity ranging from 1150 to above 2430 Ohmmwhich appears at a depth between 13 and 33.8 m.This low conductive
layer is covered under by a mean weathered conductive geomaterials associated with moderate infiltration and permeability of
the layers. Hence, this mean resistive layer at the depth of this profile indicates presence of moderately conductive geomaterial
which can be as a result of downward migration of contaminants to the groundwater over a long period of time through an
early formation fracture between lateral positions of 65 to 90 m.

Fig 14. ERT profile 2 near VES 1
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Profile 3 situated at Ibige Obukpa close to VES 7 ( Figure 15), shows a thick layer of undulating resistive materials as the
topsoil with moderate resistivity value ranging from 330 to 1400 Ohmm and approximated thickness ranging from 1.25 to 12.4
m. A freshly weathered laterite appears at the middle of the profile between lateral distances of 75 to 120 m. Below this unit
appears a high resistivity lateritic formation showing smooth variations of resistivity which ranges from 1400 to 2910 Ohm m
and above with an increasing thickness from 13 m down covering the entire profile. This layer has low conductivity and lacks
enough conducting fluids, impermeable layers with low porosity. Thus, the topsoil is fairly protected from contamination.

Fig 15. ERT profile 3 near VES 7

Profile 4 is the 2D inverted resistivity model at Ibagwa-aka II site near VES 47 ( Figure 16), shows a prominent lateral
heterogeneous layer of resistive materials as the topsoil with mean resistivity ranging from 130 to 400 Ohm m and a thickness
from about 6.38 m at the beginning to 9.3 m toward the end which represents the outcropping gneiss. Below the topsoil at
a depth of 9.3 to 20 m (NW) and 9.3 m (SE) deep down at a lateral distance of 15 to 80 m and 105 m to 175 m appears a
layer with higher resistivity values ranging from 1230 to 11894 Ohm m. After this highly resistive unit lies a low resistive layer
with values ranging from 4.26 to 128 Ohm m at a depth of 20 m down located (SW) at lateral distance of 55 to 95 m. This
low resistivity zones surrounded by high resistivity and impermeable rooftops suggests a captive aquifer zone may have the
possibility of being contaminated from an unconfined layer or through fracture or slow movement of fluids through the highly
resistive surrounding layers over time.

Fig 16. ERT profile 4 near VES 47

Thefifth profile ( Figure 17) is located at Nkpamute Igogoro near VES 24.The topsoil and the deeper layers has low resistivity
while the middle of the profile has high resistivity value from a depth of 6 m down to 25 m and spreads across the profile from
west to east. The low resistivity at the topsoil indicates the presence of high conductive materials that moves gradually seeping
down to the aquifer layer.There is a highly resistive second layer formationwhich could be associatedwith the lateritic formation
present in the area showing smooth variations of resistivity which ranges from 977 to 8938 Ohm m located between lateral
distance of 40.0 to 180.0 m with an increasing thickness from 6.34 m to 24 m and increased to33.8 m toward the southeastern
part of the section.The third layer formation appears conductingwith very low resistivity ranging from3.86 to 35.3Ohmm.This
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layer is relocated between electrodes positions 80 to 110 m at a depth of 35 m down indicating a potential groundwater target.
This very low resistivity zone that is confined by high resistivity and impermeable rooftops suggests a captive uncontaminated
aquifer zone.

Fig 17. ERT profile 5 near VES 24

4 Conclusion
The hydrogeologic unit of the area was assessed using the results from VES and ERT profiles. The aquifer layer in the area lies
between the fourth and fifth geoelectric layers, the fourth layer harbors up to 84% of the aquifers at thickness and depth values
ranging from 22.4 to 174.3 m and 31.3 to 218.4 m. The values of aquifer geoelectric parameters vary across the subsurface.
The estimated aquifer vulnerability index (AVI) of the protective layers helps in evaluating the vulnerability of the study area
and delineation of vulnerable zones within the study area. The contour maps displayed the distribution of these parameters,
revealing the changes in the subsurface in homogeneity. High hydraulic conductivity was observed at the southwestern part of
the area implying that the region is good for groundwater potential as a result of low elevation and direction of runoff water
during the wet season. VES locations having high vulnerability index indicates that the aquifers within these locations will be
highly vulnerable to surface contaminants. The ERT profiles show the distribution of subsurface resistivity with depth. The
results from this study have rated the vulnerability status of the hydrogeologic units and also give information that will be
important in groundwater exploration and management.
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