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Abstract

Electrical geophysical method in 1-D case was
used to investigate the penetration of current
into the subsurface of 45 vertical electrical
sounding (VES) points in the study area located
within in southeastern part of Nigeria. The
primary aim was to assess the groundwater
yield potential index (GWYPI) and to
characterize the readily available potential
aquifer system in terms of vulnerability and
coefficients of hydrodynamics. Resistivity
meter was used to acquire VES data while
WINRESIST software programme was used to
estimate the primary geo-electric indices (PGI).
The GPI results were used to compute the
secondary geo-electric indices (SGI) used in
estimating GWYPI and protective capacity
(PC). Cored samples closer to the VES points
were also analyzed in the laboratory and
correlated with the subsurface parameters to
determine  the aquifer hydrodynamic
parameters.
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Department of Physics (Geophysics Research
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At a mean depth of 114.6 m within the gamut
of 39.5-290.9 m, the bulk resistivity spread
between 26.3 to 3688.7 Qm with an average of
1049.047Qm. The thickness spread from 22.6
to 273.3m with a mean of 97.69m. The various
indices realized are suggestive of the fact that
the probable water repository is sustainable and
vulnerable. The subsurface showed
proportionally nine (9) characteristic curves,
which are: (HA (1.9%), HK (13.3%), H
(28.9%), KH (4.4%), AK (4.4%), K (31.1%), Q
(1.9%), KQ (1.9%) and A (11.1%). The
estimated anisotropy varied from 0.85 to 1.00
with a mean of 0.872. This gamut of anisotropy
reflects models for groundwater yield indices
and categorizes aquifers as low yield, moderate
yield, high yield and very high yield. The PC
was classed as poor (44.4%), weak (20.0%),
moderate (28.8%) and good (6.7%) with high
and moderate yield indices and good PC found
near only VES 18, 27 and 28 locations. The
hydrodynamic coefficients indicate that the
magnitudes and distributions of pore fluid in
the aquifer hydraulic units within the geologic
unit are sustainable and transmissible during
water-rock/soil interaction.
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Introduction

Water is a common chemical substance that is
indispensable in all known forms of life. It is
one of man's most abundant and critical
resources, covering over 70 % of the planet's
surface with approximately 975 % of the earth's
surface water contained in the seas, 21 % in
polar ice and glaciers, 0.3-0.8 % underground,
0.009 % in inland freshwaters such as lakes,
and 0.00009 % in rivers (Eja, 2002). Water is
regarded as a universal solvent existing in
nature as rain, crystal clear, cold, and even free
flowing. Water contains pathogens, microbes,
dissolved heavy metals and bacteria that are
harmful to lives of flora or fauna or both. Water
in its purest form is often regarded as important
to good health and many people believe that it
is more fundamental than all other life
necessities. The water flowing from tap may
come from hundreds of miles away and the
public water systems are most often supplied by
surface water or groundwater. Large cities and
towns usually get their water from surface
water supplies or both surface and groundwater
supplies (George et al., 2021). Some small,
rural communities rely solely on groundwater
supplies, which may or may not require
treatment to meet drinking water standards.
Groundwater provides the most readily and
sustainable source of water used by man, and
the quest for potable groundwater has become
more of a hydra-headed dilemma, particularly
among urban people and rural communities in
developing countries living very close to the
river (Venkateswaran etal., 2014). In the
coastal terrain of Akwa Ibom State, the
problem of salinisation of groundwater aquifer
is due to excessive pumping of unconfined
coastal aquifers, which leads to intrusion of sea
water. The ingress of saltwater into freshwater

makes water unsuitable and degrades its
potability. Groundwater availability in any
region is dependent on geology, which may
change as a result of human activities or nature
(George et al., 2021). Its availability and
suitability for use are paramount in the
contemporary studies. Its quality is determined
by the degree of purity after passing through
the recharge and discharge processes within the
geologic units (Arsene et al., 2018).

The availability of groundwater as water source
depends largely upon the subsurface and
surface geology as well as climate, porosity and
permeability of a geologic formation, which
controls its ability to hold and transmit water
through the aquifers (George et al., 2022b).
Fresh and saltwater combine at the edge of a
coastal aquifer, resulting in fresh and salty
water mix, which caused a balance that alters
the rate of groundwater pumping that leads to
flow of salty water to spaces in the sandy soil
where fresh water resides. The flux in the
resistivities of the Earth is attributed to some
geologic parameters such as porosity,
permeability, soil type, rock types and degree
of saturation. The assessment of groundwater in
this work employs geophysical (electrical
resistivity) and laboratory methods to delineate
zones of hydrogeological units for exploration
of groundwater and their flow pattern (Evans
etal., 2010; George etal, 2010).
Consequently, Coastal aquifers can be highly
heterogeneous in complex environments. As a
result, spatial knowledge  of  their
hydrogeological properties and development of
groundwater models are essential for achieving
a sustainable management of the resource. The
water used in the study area is usually extracted
from groundwater from boreholes, which in
some cases are at risk of low or intermediate
yield of iron filled water. Lithology, lineament
density, geo-electric parameters (thickness and
transverse resistance) are factors that influences
groundwater availability, and critical study of
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these factors in the aquifer system is important
in order to avoid unnecessary expenses in
drilling many wells (Werner et al., 2010).
Hydraulic conductivity transmissivity and are
two of the most central hydraulic data used in
typifying groundwater resources because of
their ability to describe an aquifer general
capacity to transmit water over the entire
saturated thickness for tranesmissivity and over
a unit thickness for hydraulic conductivity)
(Adiat et al, 2013). Global population
expansion may contribute to water scarcity
since it has made it more challenging to use and
manage water resources especially when there
are elevational disparities (downward) and
pressure variances in the flow of groundwater
(from areas of high pressure/topography to
areas of low pressure/topography).

For hydrological management and planning as
well as the determination of sustainable
groundwater resource development, under-
standing of hydrogeological properties and
groundwater flow mechanisms in aquifers,
detailed prognoses aquifer system are crucial.
However, the preferential flow direction in all
geologic materials is largely dependent on the
grain sizes and flow rate of the aquifer (Thomas
et al., 2020). The lithology of geological
formation generally varies significantly in both
horizontal and vertical planes. Consequently,
the hydraulic conductivity depends on the
position within the formation and varies with
direction of measurement. When the hydraulic
conductivity (Ky) measured in horizontal plane
is significantly greater than that measured
vertically, then the aquifer is said to be
anisotropic in nature (Singh et al., 2004). The
fundamental  characteristics that  control
groundwater  hydrology are  hydraulic
conductivity, transmissivity, effective aquifer
depth and specific yield. These parameters also
serve as the input data for numerous physical
models. Specifically, this work aims at
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assessing the groundwater yield potential index
(GWYPI) of the readily available potential
aquifer system in terms of vulnerability and
coefficients of hydrodynamics the use of Dar-
Zarrouk parameters (Transverse resistance and
longitudinal conductance). The research also
aims at characterizing the protective capacity of
groundwater extracted in the study area as well
as combining the laboratory analysis with
ground-based primary and the consequent
secondary geo-electric indices to typify the
hydrodynamic  properties  for  effective
qualitative and quantitative hydrological
assessment of the densely populated study area.

Location and Geology of study area

The study area, which is fairly low-lying
according to the seemingly constant elevations
measured from Geographic Positioning System
(GPS) radar in Table 3, described in Figure 1
lies within the gamut of Longitudes 7°30" and
8°50'N and Latitudes 4°50' and 5°50'E and it is
found in the southeastern part of Nigeria. The
area has local geology predominantly called
Coastal Plain sands (Benin Formation) and the
terrain is mostly flat. It is accreted sediments of
fluvio - lacustrine materials that are
characterized by marine, deltaic, estuarine and
lagoonal nature due to its location. Some of the
Local Government Areas (LGAS) within the
study location have moderate rising and falling
terrain landscapes that are as high as 60 m and
as low as 5 m above the mean sea levels
according to Inim et al. (2020). The minor
undulations spread in the study locations are
caused by the gravitational effects to
compensate for the features such as valleys,
marshes, swamps, and ravines created by
Atlantic Ocean, Qua Ibo, Imo, and Cross Rivers
(George et al., 2022a). The climate of the study
area is ideal for growing and extracting
agricultural and forest products such as palm
oil, cocoa, rice, rubber, cassava, yam and
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lumber, amongst others (Inim et al., 2020). The
survey area occupies nine (9) LGAs (Mkpat
Enin, Eastern Obolo, Ibeno, Eket, Onna, Mbo,

Esit Eket, Ikot Abasi and Nsit Ubium) shown in
Figure 1.
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Figure 1: Map of Nigeria showing the location of Akwa Ibom State and Map of Akwa Ibom state showing the study

area

All the referred LGAs fall geologically into the
Coastal Plain sands (Benin Formation) shown
in Figure 2. The aquifer system is made up of
closed and open aquifer sands of varying pore
grades, characterized by a quantum of
groundwater salinity levels. The predominant
geologic formation associated with reasonably
high hydrodynamic coefficients (porosity and
permeability) comprises the alluvium deposits
and continental flood plain sands in the study
area (Inim, et al., 2020). The Area experiences
ingress of saltwater into the sedimentary
aquifers under the freshwater lens, which
stretches to about 5000 m away from the
shoreline. The Coastal Plain sands are

characterized by gravelly and medium to fine
sands. The texture has pockets of thin clay
horizons, lignite streaks and lenses that
alternate between fine and gravelly geologic
materials. The vertical and lateral spreads of the
sandy aquifers are separated by thin clay/shale
layers. This provoked the dominating multi-
aquifer systems fraught in the area (George et
al., 2017). With mean annual rainfall of 1.7m
(66 inches), the survey area has a humid
tropical climate of wet season (April to
October) and a dry season (November to
March). The research area is part of the
Southern Nigerian Coastal Plain Sand known
for prolific groundwater depositories. The area

@ REJ&:ST



32 J. A. Umoh, N. J. George, A. M. Ekanem, J. E. Thomas and J. B. Emah

has freshwater, freshwater swamp, coastal
brackish water, dry land and beach ridge
complex according to the geological survey
map of Nigeria. The feel of the sediments in the
study areas identifies geogenic materials of fine

7.@00

to coarse nature, which are disproportionately
sorted, with vast thickness and inconsequential
quantum of sandstones and argillites. A variety
of sequences were assigned to separate aquifers
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Figure 2: Study Area Geology, VES points and Borehole locations

Arenites and argillites of carbonaceous alluvial
components and  unconsolidated  sands
constitute the elevated sandy aquifer of the
study area (George et al., 2022a). The study
area is positioned at the equatorial climatic
region of the Niger Delta, with high
temperature of about 95 °F (35 °C) in the dry
season. This instigates a shift at the lower and
upper margins of the climatic conditions. From
figure 1, the southernmost part of the Study
area is purely made of sands that are of alluvial,
lagoonal and tidal nature (Thomas et al., 2020).
Geologically, the study location is marked by
Benin Formation of Tertiary to Quaternary age.
This is underlain by the paralic Agbada
Formation of about 85 % of the study area and
the Akata Formation, which is shally in nature.
In a nutshell, the groundwater repositories of
the study area are primarily sand deposits with
insignificant intercalations of lignite, clay, and
conglomerate. The chunk of the sands in the
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area is lithic arenites with size gradation
spreading from fine to coarse, sub-rounded to
sub-angular and poorly to moderately conjoined
in their distributions.

Materials and Method
VES Techniques

Electrical resistivity technological approach is
employed in integrating the hydrogeological/
geologic parameters of the study area using
Schlumberger electrode configuration with
electrode spacing (AB/2) for outer/current
electrode  separations and (MN/2) for
inner/potential  electrode separations. The
electrodes AB and MN were gradually
increased with respect to a fixed center, from 1
to 600 m and 0.25 to 60 m respectively. ABEM
Terrameter SAS 1000 and its accessories were
used to measure the resistance of the earth,
which is believed to be varying vertically and

REJ&ST



33 Researchers Journal of Science and Technology (2022) 2(3): 28 - 54

horizontally due to the geogenic and exogenic
activities (Ibanga and George, 2016; Inim et al.,
2020; Thomas et al., 2020). Electrical currents
were injected into the ground through a set of
outer/current electrode (AB/2) separations. The
injected current (1) created a potential
difference (AV) within the inner electrode

(MN/2) separations. The ratio (¥] gives the

apparent resistance of the earth’s layer R, . The

apparent resistivity of the earth was computed
using the geometric factor (G) through the
expression given in Equation 1:

N :{(Aalz)z —(MN /2)2}AV _GR. (1)

(MN) |

| (AB/2)* —(MN/2)’
where G = 7Z'|: (MIN) } and

R, =2

S
Quality assurance in measurement was ensured
by maintaining straight lines in the current and
potential electrode separations. Electrodes were
also made to have firm contact with the ground
by making sure that one-third of the electrode
penetrated the ground. Besides, the electrodes
were not allowed to get in contact with grasses
and measurements were not done under the
power lines to avoid electromagnetic influences
on the earth’s electric field measured. The
acquired data were manually preprocessed by

plotting the apparent resistivity p, against the

half of the current electrode separations (AB/2)
on a bi-logarithmic graph. Smoothening was
done by deleting the outliers that stood out in
the trend (Akpan et al., 2013; George et al.,
2016). The smooth results of apparent became
resistivity the input data for the electronic 1-D
resistivity inversion. The data (apparent
resistivity and their corresponding half of
current electrode separations) were inputted
into the Win-Resist software programme for the

final inversion. The software programme
compared the field curve with the theoretical
curve through curve matching procedures.
Least-square inversion was achieved through
iterations. The final curve in each case was
associated with root-mean square error
(RMSE). The electronic inversion of resistivity
was constrained by ground truth data and
goodness of fit realized from the curve
matching results is clear evidence that the
results are consistent with the geologic layers
delineated (see Figure 3). From VES curves,
the primary geo-electric indices (layer
resistivity, thickness and depth) for each
location were identified.

The secondary geo-electric parameters such as
Dar  Zarrouk  parameters  (longitudinal
conductance (S) and Transverse resistance
(T/)), average vertical resistivity (p; ), average

longitudinal resistivity (o, ) for a depth of H
and anisotropic coefficient (1) were all

obtained with the following relations given in
equations 2-6:

szi%- 2)

Trzzin:hipi 3)

po=t @

=g ©)

1= [P oor 22T (6)
oL H

Laboratory measurements from aquifer
samples

Porosity, Hydraulic and

permeability

conductivity

Aquifer materials obtained during the drilling
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of boreholes in the study area close to the VES
points were used to determine the porosity,
hydraulic conductivity and the consequent
permeability described as the transmissibility
determinants during water — rock/soil
interactions. The aquifer samples were
satisfactorily drenched in distilled water in
order to do away with any latent salt
contaminations that might affect the pore
system of the aquifer geo-materials and the
consequent porosity therein.

The clean aquifers were desiccated with oven in
order to remove the extraneous liquid within
the pore system. Afterward, the bulk density
(BD) for each of the aquifer materials was
gauged through the aquifer weighted mass
(Am)- volume equivalent(V) ratio of the dry
samples as given in equation 7:

_Am
Vv

BD (7N

The fairly constant aquifer/soil particle
density (SPD),which ranges from 2.60 to
2.75 g/lcm® with invariant mean of 2.65
glcm® (Umoh et al., 2022) was used to
calculate the aquifer pore space fraction,
also known as porosity(¢) according to

equation 8:
BD
p=(1-22 ] ®

The hydraulic conductivity of the aquifer
samples, which is a property of rock/soil
layering, was determined according to Todd
(1980) from the constant flow head
permeameter (CFHP) arrangement in Figure

(4).
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Figure 3: Sampled correlations of VES 1, 2, 11 and 19 curves with their contiguous lithological log in the study area

Steady and continuously supplied water passing
through the inlet caused a continuous flow of
water via the aquifer sample, which has a
known area of A (Fig.4.). A stopwatch was
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employed in recording the duration of time (t)
in which water flowing was up to 100 cm® mark
of volume (V) in Figure 4. According to Todd
(1980), different samples have different flow
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rate, determined by their porosity/pore space or
permeability. The CFHP made possible the
estimation of the hydraulic conductivities of
unconsolidated aquifer samples under the low
heads. CFHP consists of aquifer sample of
cross sectional area, A and aquifer length L.
The aquifer sample was sandwiched with two
leaky plates in a cylindrical-like tube of a
constant-head differential h. The continuously
flowing water from reservoir supply permeated
into the cylinder containing the aquifer sample
from the base and was collected after streaming
upward through the aquifer sample as overflow
(Tang et al., 2017). Based on the CFHP,
hydraulic conductivity Kp,, a measure of the
ease of a material medium to transmit fluid
(George et al. 218; George, 2020) was gauged

In m/s using equation 9 and was converted to
m/day in Table 2.

VL
K,=|—— 9
h [ Aht] ©)
With density of water (1000 kgm‘3), dynamic

viscosity, u, of water given by Fetters (1994)
for similar sandy materials as (0.0014kgm‘1s‘1)

and acceleration due to gravity(g =9.8ms‘2),

K, —K, relation given in equation 10 was

used to estimate the intrinsic permeability K |
in the study area.

K, = oty

6,9 (10

Constant water level -_\\—1

’I—‘r ¥

100 cm®

«—  Continuous supply
i

‘I% Sample A L T Porous plate
v

I

WVolume WV in time t

Orverflow

Horizontal area
of the sample A

/~

Figure 4: Constant flow head permeameter for measuring hydraulic conductivity of aquifer sample (Todd, 1980)

The water resistivity (p, ) for aquifer system in

each location within the study area was
estimated using the aquifer bulk resistivity
(p,) in equation 11. The parameters m and a

respectively  representing  the  average
cementation factor (2.15) and pore geometry
factor (0.62) were obtained from the work of
George et al. (2018), which had similar

geologic units.

2.15

_ pb¢m _ o,
v a 0.62

(11)

The formation factor (F:&J and the
Pw

tortuosity (7:1/F¢) were determined for the

aquifer to further characterize the aquifer
systems. The formation factor gave the bulk-
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water resistivity ratio while tortuosity gave the
ratio that characterizes the convoluted pathways
of fluid diffusion and electrical conduction
through porous media, as well as the measure
of the geometric complexity of the porous
medium between the curved paths followed by
a fluid in the porous medium over a straight
path. These other sets of secondary geogenic
parameters of aquifer systems helped in
typifying the hydrodynamics of the aquifer pore
system in the study area (George et al. 2015b).
Vulnerability to both natural/geogenic and
anthropogenic contaminations was based on
one of the Dar Zarrouk parameters known as
longitudinal conductance evaluated using
equation 2. The lithological nature is the major
factor, which decides on the protectivivity or
the vulnerability coefficients defined by the
longitudinal conductance during water — rock
interactions in Table 1 according to Oladapo et
al. (2004). Since the aquifer system is generally
porous, as porosity and permeability show, the
ease of transmissibility of contaminant
distribution is possible within and outside and
aquifer system (George et al., 2018).

According to Olubusola et al. (2018), the
groundwater yield potential index ('), a
function of the product of coefficient of
anisotropy (1) and the transverse resistance (T )

was estimated in the work based on the
expression given in equation 12. The
classification of groundwater potential index in
the area is based on Table 2, according
Olubusola et al. (2018).

[ =T (12)

Results and Discussion

The interpretative 1-D resistivity sounding data
of the forty five VES points from geo-electric
prospection, which were constrained by the
nearby ground truthing data, enabled the
primary characterization of the subsurface
layers penetrated by current through the

Published December, 2022

identified primary geo-electric indices in the
study area (Figure 3). These primary geo-
electric indices (layer resistivities, thicknesses
and depths) aided in the characterization of the
aquifer geo-electrically and geo-hydraulically.
The primary indices were combined to obtain
the secondary indices such as Dar Zarrouk
parameters, transverse and longitudinal
resistivities, coefficients of anisotropy and
groundwater yield index. The available cored
samples were used to estimate the void
space/porosity of the aquifer systems using the
measured bulk densities and the average
particle density (see equations 7 - 8). Likewise,
hydraulic conductivity was experimentally
determined according to Todd (1980) in
equation 9 using the experimental set up in
Figure 4. The consequent permeability, which

depends on hydraulic conductivity, was
estimated using equation 10. The estimation of
these parameters gave information that

reflected the dynamism of aquifer system,
protectivity/vulnerability and the yield capacity
during water- rock/soil interactions
(Akingboye, et al., 2022). Despite the
prolificacy of the aquifer, based on the
thickness and hydrodynamic coefficients of
groundwater repositories seen in porosity,
formation  factor, tortuosity,  hydraulic
conductivity and permeability, the shallowest
aquifer system is greatly sensitive to drawdown
and this underlines the quest for sustainability
of economic aquifer system in the face of
preponderant and undaunting climatic changes
(lbuot et al. 2017; 2019). In order to get the
geo-electric indices, ohmic conduction was
established between the subsurface and the
quadruple Schlumberger electrodes, made up of
a pair of current/outer electrodes and a pair of
potential/inner electrodes (Uwa et al., 2019;
Thomas et al., 2020; Ikpe et al., 2022; Umoh et
al., 2022). The probing of varying earth’s
conductivity and the consequent apparent
resistivity were assessed through the potential
difference between the inner electrodes
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provoked by outer electrodes (Udosen et al.,
2018a, b; Ekanem et al. 2022). A Computer
based analysis, which followed a manually
processed apparent resistivity- half of current
electrode plots of each geo-sounding point, was
performed to estimate the primary geo-electric
indices in Figure 3. The sample of results in
Figure 3 was obtained using Win-Resist
software programme, which worked iteratively
to match the measured field data with the
theoretical field curve in a least squared sense
(Akpan et al., 2013; Ibuot et al., 2013). The
validity of the results constrained by ground
truths was seen in the goodness of fit measured
by the Root-mean square errors (RMSE) found
in general to be less than 5 % (Figure 3). This
agrees with Akpan et al. (2013) and George et
al. (2021), which opined that smaller RMSE
suggests a good fit between the field data and
the measured data and vice versa. The
interpretative results as evidenced on the curves
gave the primary geo-electric indices and the
primary geo-electrical indices (resistivity and
thickness) were conjoint in different ways to
furnish the secondary geo-electric indices used
primarily for estimation of groundwater yield
index or capacity (Bawallah et al., 2018). The
results from geo-electric sounding showed high
and low values of resistivities with depths,
indicating the heterogeneous nature of the
subsurface (Obianwu et al., 2011 a, b, c, d).
The outcomes of geo-sounding gave three to
four geological layers. In brief, the 45 VES
points showed a resistivity range from 21 to
16850m and mean of 553 Qm in layer 1. In
layers 2 and 3 the respective resistivity ranged
from 26 to 3689 Q2m and 45 to 3793Qm and
mean values of 8830m and 1192CQm were
identified. The last layer resistivity ranged
between 62 and 1562 Omwith mean value of
6330m. The lithological thicknesses for the
first three layers varied between 0.4 to 40.0 m,
5.2 10 262.6 m and 42.8 to 237.3m respectively.
Their gauged average of 8.4 m, 75.1 m and

102.0 m were respectively obtained as well for
layers 1 to 3. The average values for the depths
of burial for layers 1 to 3 were found to vary
from 0.4 to 40.0 m, 6.9 to 265.0 m and 55.5 to
290.1 m while the calculated mean values were
found to have respective values of 8.2m, 83.8m
and 122.5 m. The depths and thicknesses of the
last (fourth) layers were not defined by the
maximum electrode current separations (see
Figure 3). However, the laboratory analysis of
the cored sample revealed that porosity has a
strong relationship with depth. This assertion
agreed with Umoh et al. (2022).The estimated
values of the primary geo-electric indices in the
study area are typical of the values obtained in
the geology of Niger Delta, which is
characterized by sand- beds of Benin Formation
within the inferred depths (Akpan et al., 2020 a,
b; Inim et al., 2020; Thomas et al., 2020; Ikpe
et al., 2022; Umoh et al., 2022; Akpan et al.,
2022). Although the motley topsoil is not real
and their resistivity cannot be relied upon,
below it, the lithological changes in the study
area have resistivities reflecting gravelly/coarse

sands(>1500Q2m), medium to fine sands
(500Qm < p<1500Qm) and fine to clayey
sands (<500 Qm). These lithofacies changes

are in agreement with the ground truth data
(Figure 3). The facies changes, which
determined the aquifer bulk resistivities in
Table 3, can be appreciated from the iso-
resistivity contour map (Figure 5), which is in
tandem with the vertical and horizontal textures
of the soil/rock profiles at their various depths
of investigations. The aquifer water resistivi-
ties, which were computed using similar
average empirical constants determined by
George et al. (2018) for similar geological
textures were estimated using equation 11with
the aid of fractional porosities. The result of
water resistivity presented in Table 4 was
contoured in Figure 6. The map shows a
distribution of bulk resistivity that follows the
pattern of aquifer bulk resistivities.
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Table 1: Aquifer system longitudinal conductance and its protectivity capacity (Oladapo et al., 2004)

Longitudinal Conductance (Siemens) Protectivity Capacity
>10 Excellent
5-10 Very good
0.8-4.9 Good
0.2-0.79 Moderate
0.1-0.19 Weak
<0.1 Poor

Table 2: Groundwater yield value range according (Olubusola et al., 2018)

Ground Water Yield Index (GWYI) Yield potential
474 — 2000 Very low
2000 — 5000 Low
5000 — 10000 Moderate
10000 — 30000 High
>30000 Very high

Table 3: Geo-electrical properties of Aquifers in the Study Area

Elevation Latitude Longitude BUI-k- No. of Depth  Thickness
VES Resistivity

(m) (Degree)  (Degree) om Layers (m) (m)
1 30 4.7098 7.7355 2619.8 4 83.4 73.3
2 29 4.6990 7.7698 491.7 3 86.2 80
3 34 4.6636 7.7822 80.7 3 90.9 54.7
4 26 4.6171 7.7622 266.2 4 65.3 56.2
5 17 4.5812 7.7553 419.7 4 165.4 151.2
6 19 4.6418 7.9652 1300.7 3 51.2 49.8
7 31 4.6557 7.9558 1301.7 4 87.1 72.2
8 20 4.6735 7.9668 970.5 3 250 247.7
9 30 4.6598 7.9821 1502.6 4 109.1 93.9
10 30 4.6227 7.8485 3688.7 3 108 103.8
11 21 4.6281 7.8667 3576.5 3 94.7 83.7
12 14 4.6226 7.8614 2560.6 3 136 136.2
13 22 4.6574 7.8379 1810.5 4 90.5 79.5
14 25 4.6779 7.8184 85.1 3 265 22.6
15 23 4.6573 7.8329 2984.5 4 2454 213.1
16 17 4.5609 7.7489 114.1 3 73.3 63.1
17 16 4.5415 7.7411 558.8 3 239 208.6
18 17 4.5279 7.7500 26.3 3 66.5 65.6
19 13 4.5249 7.7598 686 4 55 42.8
20 17 4.5259 7.7742 153.9 3 40 40
21 15 4.5930 7.6401 1864.2 3 55.3 51.7
22 10 45761 7.5817 182.5 3 80.2 76
23 10 4.5793 7.5726 53.3 3 39.5 29.5
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24 17 4.5538 7.5466 878.9 3 101 85.2
25 24 4.6150 7.6711 1831.4 4 99.3 63
26 8 4.5684 7.9558 2115 3 80.1 79.2
27 7 4.5541 7.9381 39.3 3 176 173.3
28 15 4.5720 7.9783 226.6 3 182 170
29 8 4.5785 7.9948 235 3 97.9 95
30 8 4.5674 8.0048 100.1 3 122 118.7
31 21 4.6669 8.0212 1076.6 3 136 119.6
32 36 4.6622 8.0586 1179.9 3 89.4 81.5
33 40 4.6556 8.0644 238.8 4 914 66.1
34 40 4.6516 8.0629 1469.5 4 290.9 273.3
35 38 4.6634 8.0549 1027.9 3 54.5 50.7
36 35 4.7193 8.0130 862.7 3 64.4 62.3
37 35 47218 8.0159 728.1 4 126.5 104.2
38 34 4.7280 8.0351 1000.7 3 89.7 76.5
39 35 4.7331 7.9371 993.4 3 124 112.4
40 40 4.6919 7.9430 622.5 4 113.7 89.4
41 23 4.6892 8.0351 300.2 3 57.2 52.7
42 16 4.5987 8.3061 2204.9 3 89.9 78.8
43 30 4.6626 8.2578 2092.3 3 197 159.9
44 27 4.6703 8.2549 735.7 3 105 104.1
45 17 4.6767 8.2640 1852.5 4 91.9 85.1

7°36"0.0”E 7°48’]0.0”E 8°0’Q.0"E 8°12"0.0"E
Bulk Resistivity
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Figure 5: Bulk resistivity contour map of the aquifer in the study area



40

J. A. Umoh, N. J. George, A. M. Ekanem, J. E. Thomas and J. B. Emah

Table 4: Summary of aquifer secondary geo-electrical and hydraulic indices

VES (Qs_l) T@m) (¢ <(miday) :pD) (g rVTV]) F (gr;) ( (’f r;) (y) (1)
1 0028 1920313 041 345E-05 499 609.7 430 2981 2303 1321 0879
2 0163 393360 044 305E-05 442 1352 364 530 456 1264  0.928
3 0678 44143 039 216E-05 313 175 462 134 49 1348  0.602
4 0211 149604 037 357E-05 517 503 530 309 229 1398  0.861
5 0360 634586 042 2.25E-05 326 1065 394 459 384 1201  0.914
6 0038 647749 042 166E-05 240 3306 393 1337 1265 1201  0.973
7 0055 939827 040 165E-05 238 2015 447 1570 1079 1335  0.829
8 0255 2403929 043 3.21E-05 465 2528 384 980 962 1282  0.991
9 0062 1410941 040 280E-05 405 3345 449 1746 1293 1337  0.861
10 0028 382887.1 039 209E-05 302 7914 466 3838 3545 1351 0961
11 0023 2993531 043 129E-05 186 9388 38L 4047 3161 1280  0.884
12 0053 3487537 040 321E-05 4.64 5667 452 2557 2564 1339  1.001
13 0044 1439348 043 3.26E-05 472 4753 381 2061 1500 1280  0.878
14 0266 19233 040 175E-05 253 187 456 998 7 1343 0.085
15 0071 6359970 039 9.92E-06 144 627.0 476 3437 2592 1358  0.868
16 0553 71997 042 398E-05 576 285 40l 133 98 1207 0861
17 0373 1165657 042 3.89E-05 563 137.9 405 640 488 1301 0873
18 2494 17253 042 399E-05 578 66 400 27 26 1206 0986
19 0062 293608 042 3.86E-05 559 1687 407 882 534 1302 0778
20 0260 61560 042 397E-05 575 384 401 154 154 1297  1.000
21 0028 963791 041 363E-05 525 4447 419 1994 1743 1313 0935
22 0416 138700 042 3.96E-05 574 455 401 193 173 1208  0.948
23 0553 15724 042 3.99E-05 577 133 400 71 40 1206 0747
24 0097 748823 042 3.82E-05 554 2151 409 1042 741 1304  0.844
25 0034 1153782 041 3.63E-05 526 437.2 419 2887 1162 1312  0.634
26 0374 167508 045 3.1E-05 451 609 347 214 209 1248  0.989
27 4410 68107 042 3.14E-05 455 98 400 40 39 1206 0985
28 0750 385220 043 222E-05 321 589 385 243 212 1283 0934
29 0404 223250 042 395E-05 572 600 392 242 228 1289 0970
30 1186 118819 046 3.98E-05 576 298 336 103 97 1237 0973
31 0411 1287614 042 3.78E-05 548 2621 411 1224 947 1306  0.879
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32 0.069 96161.9 0.41 3.76E-05 545 2865 412 1294 1076 1.307 0.912
33 0.277 15784.7 0.42 3.95E-05 5.72 59.4 4.02 330 173 1.298 0.723
34 0.186 4016144 0.41 3.71E-05 5.36 3542 415 1564 1381 1.309 0.939
35 0.049 52114.5 0.42 3.79E-05 549 2506 410 1105 956 1.305 0.930
36 0.072 53746.2 0.42 3.83E-05 554 211.2 4.08 892 835 1.304 0.967
37 0.143 75868.0 0.42 3.85E-05 5.58 1789 4.07 884 600 1.302 0.824
38 0.076 76553.6 0.42 3.80E-05 550 2441 410 1173 853 1.305 0.853
39 0.113 111658.2 0.42 3.80E-05 550 2424 410 1096 900 1.305 0.906
40 0.144 55651.5 0.42 3.88E-05 5.61 153.3 4.06 792 489 1.302 0.786
41 0.176 15820.5 0.42 3.94E-05 5.70 74.6 4.03 326 277 1.299 0.921
42 0.036 173746.1 0.41 3.56E-05 5.15 521.3 423 2515 1933 1.316 0.877
43 0.076  334558.8 0.41 3.58E-05 5.18 496.1 4.22 2578 1698 1.315 0.812
44 0.141 76586.4 042 3.85E-05 558 180.7 4.07 742 729 1.303 0.991
45 0.046 157647.8 0.41 3.63E-05 525 4420 419 2001 1715 1.313 0.926
7°36/0.0"E 7°48'0.0"E 8°0'0.0"E 8°120.0E
Water Resistivity

g A i 83?41 g
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Figure 6: Water resistivity contour map of the aquifer in the study area

The two contours show the distribution of
electrical facies in the study area. The depth
and thickness of aquifer in Table 3, determined
from the VES curves (e.g. Figure 3), gave
information about the distribution of aquifer.
The distribution of their contours (Figures 7
and 8) shows that as the depth increases,
thickness also increases. This result agrees with

the finding of George et al. (2021) and Umoh et
al. (2022). The thickness of the aquifer was
used in determining the Dar zarrouk parameters
displayed in Figures 9 and 10 for transverse

resistance and longitudinal conductance
respectively. The distributions of transverse
resistance and longitudinal conductance

contour maps are respectively reminiscent of
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the aquifer potential and its protection (Table 5)
(Ekanem et al., 2022). The results indicate that
the area is generally prolific but slightly
protected from contaminants (Oladapo et al.,
2004) as the values of longitudinal conductance
show massively poor to marginally excellent
protectivity (Ikpe et al., 2022). The longitudinal
conductance exaggerates the degree of
susceptibility to contamination in the study area

as it ranged from 0.234 to 4.410S with a mean
value of 0.357S. The hotspot of protection is
shown at VES points 18 and 27, which showed
very high values of longitudinal conductance.
The protective capacity as estimated from the
longitudinal conductance revealed poor, weak,
moderate and good classes of protection
respectively representing 44.4 %, 17.78 %, 31.1
% and 6.67 % in the study area (Table 5).
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Figure 7: Thickness contour map of the aquifer in the study area
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Figure 8: Depth contour map of the aquifer in the study area
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Figure 9: Transverse Resistance contour map of the aquifer in the study area
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Figure 10: Longitudinal conductance contour map of the aquifer in the study area

The coefficient of anisotropy, also obtained
through thicknesses and depths is displayed in
Figure 11. For the accurate resolution of flow
and transport issues in subsurface systems,
knowledge of anisotropy, which affects fluid
flow direction, is crucial. The principal lines of
anisotropy line up with the spatial directions
where the maximum and minimum values of
hydraulic conductivity occur. Their distribution
on the geo-reference map indicates that the
study area has massively high potential yield
index (Figure 12) but marginal protection based

on its indices and the values of transverse
resistance shown in Figure 9. The results
indicate that why groundwater potential yield is
excellent according to values obtained using
equation 12 and the classification by Olubusola
et al. (2018) in Table 2, protection is greatly
poor within the depths of investigation
considered. The findings from Table 5,
revealed nine (9) basic curves type (A, H, K, Q,
HA, HK, KH, AK, and KQ), with the Curve
type A in VES 28 reflecting good protective
capacity and very high yield index.
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Table 5: Curve type, Protective capacity and Groundwater Yield Index of the aquifers

VES Gr_oundwater G_roundwatgr Curve Protect'ive
Yield Index Yield Potential type Capacity
1 168775.70 Very High Yield HK Poor
2 36506.73 Very High Yield H Weak
3 2656.34 Low Yield H Moderate
4 12875.60 High Yield KH Moderate
5 58010.56 Very High Yield HA Moderate
6 63003.67 Very High Yield K Poor
7 77905.33 Very High Yield AK Poor
8 238181.20 Very High Yield K Moderate
9 121436.70 Very High Yield HK Poor
10 367997.00 Very High Yield Poor
11 264581.30 Very High Yield Poor
12 349266.60 Very High Yield Poor
13 126439.90 Very High Yield HK Poor
14 164.02 Very Low Yield H Moderate
15 552285.90 Very High Yield AK Poor
16 6197.84 Moderate Yield Moderate
17 101738.90 Very High Yield K Moderate
18 1701.93 Low Yield Good
19 22848.04 High Yield HK Poor
20 6156.00 Moderate Yield A Moderate
21 90104.91 Very High Yield K Poor
22 13143.64 High Yield H Moderate
23 1174.29 Very Low Yield H Moderate
24 63168.02 Very High Yield Q Poor
25 73200.67 Very High Yield HK Poor
26 16562.59 High Yield A Moderate
27 6706.21 Moderate Yield H Good
28 35982.09 Very High Yield A Good
29 21663.69 High Yield H Moderate
30 11560.48 High Yield H Weak
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31 113234.30 High Yield Weak
32 87664.33 Very High Yield Poor
33 11415.40 High Yield Moderate
34 377315.90 Very High Yield HK Weak
35 48480.86 Very High Yield Poor
36 51993.62 Very High Yield Poor
37 62493.66 Very High Yield KQ Weak
38 65288.14 Very High Yield K Poor
39 101212.70 Very High Yield A Weak
40 43757.64 Very High Yield KH Weak
41 14575.92 High Yield H Weak
42 152293.60 Very High Yield K Poor
43 271553.00 Very High Yield K Poor
44 75929.92 Very High Yield A Moderate
45 145982.80 Very High Yield H Poor

The  positively  related  hydrodynamic system conductivity to that

parameters  (hydraulic

conductivities and equivalent is known as the formation factor,

permeability) with void space in Table 4 were
estimated with the aid of cored samples that
were close to VES the points. The distributions
in the contour maps of Figures 13 and 14
respectively depict the hydraulic conductivity
and permeability in the study area. The spread
of hydraulic conductivity and permeability
reflect a linear relationship (Figure 15) and the
distribution of void space and high rate of water
flow within the aquifer pores in the area
(Ekanem et al., 2020). The curve frequency
distribution chart in Figure 16 shows that there
is no specific relationship of curve type with
GWYPI and protection during water-rock/soil
interactions. However, thickness size and the
texture of the aquifer overlying layers
determine the protection/vulnerability while the
product of coefficient of anisotropy and
transverse resistance of the aquifer determine
its GWYPI (Bawallah et al., 2018; Akingboye
et al., 2022). Again, the ratio of the pore

which describes the diffusion of ionic species in
porous materials. All of the VES locations in
the research area have an average value of
formation factor, except those around Eket, Esit
Eket, and Ibeno, which show relatively low
levels of formation factor (Figure 17). This may
be attributed to high ionic content of the pore
water system caused by the recharging rivers.
According to the result, formation factor
increases near Onna and Mkpat Enin, with
range and average values of 3.36 to 5.29 and
4.12 respectively. The fairly constant formation
factor gave rise to fairly constant tortuosity in
Figure 18. The average value of aquifer
turtorsity in the study area is 1.30 with range
between 1.23 and 1.39. Generally, the study
area has an average value of turtorsity for all
the VES points, excerpt in areas around Eket,
Esit Eket and Ibeno that indicates relatively low
values while areas around Onna and Mkpat
Enin have higher turtorsity. The value of
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tortuosity reflects the transport characteristics variety of definitions and methods of
of porous media like soil/rock during assessment, which in this case can be used to
interaction with water and is a crucial metric characterize the hydraulic flow units with the
for flow direction. Contrary to other common geological units (Umoh et al., 2022).
microstructural characteristics, tortuosity has a
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Figure 11: Anisotropy contour map of the aquifer in the study area
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Figure 12: Aquifer groundwater yield index contour map of the study area
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Figure 16: Multiple histograms for groundwater yield potential, curve type and protective capacity of the
aquifers in the study area
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Figure 17: Formation factor contour map of the aquifer in the study area
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Figure 18: Turtorsity contour map of the aquifer in the study area
Conclusion sample also revealed that porosity has a strong

In the face of daunting climatic changes and
challenges, the need to investigate or evaluate
using integrated technique, the sustainability,
protectivity and delineability of new aquifer
systems for massive exploits is paramount. In
this work, the prospection of the GWYPI and
the characterization of the readily available
potential aquifer system in terms of
vulnerability and coefficients of hydrodynamics
have been identified for the hydro-geo-
resource. The groundwater system in the study
area is sustainable and vulnerable based on the
GWPYI and the longitudinal conductance. The
study also revealed that the aquifer system
assessed is highly transmissible based on the
inferred hydrodynamic coefficients such as
void space/porosity, hydraulic conductivity and
permeability. The study area is by the findings
in this work classed in terms of GWPY1 as low
yield, moderate yield, high yield and very high
yield as well as good, moderate, weak and poor
protective capacity according to longitudinal
conductance. The study reveals nine (9) basic
curves types (A, H, K, Q, HA, HK, KH, AK,
and KQ), with the curve type A in VES 28
showing the best aquifer in the study area with
a good protective capacity and very high yield
index. The laboratory analysis of the cored

relationship with depth and this is analogous
with Umoh et al. (2022). In conclusion, the
result shows that 44.4 % of the study area has
poor protective capacity; 20 % has weak
protective capacity; 28.8 % has moderate
protective capacity and 6.67 % has good
protective capacity, with moderate and good
protective capacities found at VES points 18
and 27 only. The Contour map of the study area
shows that the central part of the area around
Onna, has the highest yield index, and some
locations in Mbo, Esit Eket and Eket while low
yield index is principally found in the South-
western part of the study area. The result
obtained in this work can be used as guide in
groundwater  resource  monitoring  and
management mostly now that the climatic
change is highly unpredictable..
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