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Abstract

This work demonstrates that electrical resistivity gradients are valuable for the characterization
of subsurface heterogeneity and aquifer vulnerability to contamination. Field data was obtained via geo-
electrostratigraphic techniques integrated with ground truth information from lithological boreholes.
Vertical electrical soundings were undertaken along 19 profile lines and electrical resistivity
tomography surveys were undertaken along 4 profile lines. The resistivity curves generated by
WINRESIST described four geo-electrostratigraphic  layers. The uppermost stratum
(motley/heterogeneous topsoil) had resistivity measures of 95.2 - 1463.7 Qm with a 0.6 - 6.6 m
thickness. The second lithological layer (clayey sand) had resistivity values of 8.8 - 2485.1 Qm with a
thickness of 2.3-114.6 m. The third lithological stratum (fine/medium-grained sands) had resistivity
values ranging from 72.5- 1332.7 Qm with a thickness of 34.9 — 123.7 m. The fourth lithological stratum
had resistivity measures of 82.0- 1808.6 Qm. Mean values of electrical resistivity gradients for layers 1
and 2 were 411.42Q and 53.22Q, respectively. Iso-parametric maps of longitudinal conductance and
electrical resistivity gradient (longitudinal resistance) indicated that the majority of the investigation
area had weak aquifer protectivity. The transverse resistance, with a gamut of 3669.93 -
79868.18Qm? and a mean value of 20451.34 Qm?, indicated that the region had prolific groundwater
potential. The electrical resistivity gradient measures were integrated with measures of the electrical
reflection coefficient, the goal being to investigate the degree of subsurface heterogeneity. The
regression curves of the electrical reflection coefficients were 90° out of phase, indicating alternating
beddings of diverse lithological facies. Utilization of electrical resistivity gradient and electrical
reflection co-efficient measures generated information on subsurface heterogeneity with depth and
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aquifer vulnerability to contamination. This work has illustrated that measures of electrical resistivity
gradient are valuable for parameterizing subterranean variability and groundwater susceptibility to

toxicants.
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1.0 Introduction

The sustainability and availability of potable
groundwater resources is critical for the
establishment of effective subterranean water
management practices (Choudhury et al., 2001;
Sikandar and Christen, 2012; Ekwe and Opara,
2012; Suneetha and Gupta, 2018; Ekwe et al.,
2020; Ibuot et al., 2021; Ishak et al., 2022; George
et al., 2022; Mohammed et al., 20233, b; Udosen
et al., 2024a, b; George et al., 2024; Vijayaprabhu
et al., 2024; Zaini and Hasan, 2024). Via
geophysical investigations, one may generate
valuable information on the potentiality of aquifer
reserves within a region (Yadav and Abolfazli,
1998; Srinivasa Gowd, 2004; Kenneth and
Ebifuro, 2012; Aizebeokhai and Oyebanjo, 2013;
Ugadaetal., 2014; Eke et al., 2015; Sathiyamoorthy
and Ganesan, 2018; Udosen and George, 2018a;
Ejiogu et al., 2019; Warsi et al., 2019; George,
2020; Ebong et al., 2023). Geophysical investigations
also aid in determining the degree of subsurface
contamination arising from the leaching of waste
material into the aquifer reserves (Udosen et al.,
2022; Zaini and Hasan, 2024; Udosen et al.,
2024c, d; Dauda and Ali, 2024). Assessing
groundwater protective capacity requires proper
investigation of the motion of toxicants via the
vadose zone (Edet, 2004; Chandra et al., 2008;
Atakpo and Ayolabi, 2009; Adeniji et al., 2014,
George et al., 2017; Inim et al., 2020; Asfahani,
2023a, b; Sankar et al., 2023; Ekanem and
Udosen, 2023a, b; Udosen et al., 2024e; Akiang et
al., 2024; Olorunfemi et al., 2024). This

assessment involves generating information on the
porousness and permeability of the groundmass of
the rock overlying the aquifer (George et al., 2018,
Udosen 2024f, g). Regions having argillaceous
sedimentary formations are more likely to
encounter reduced permeabilities that preclude
contaminant percolation and offer protectivity to
subterranean water resources (Udosen et al.,
2024h). Reduced aquifer protectivity, on the other
hand, is more likely to occur in formations with
open pore spaces and large fractures. For
subterranean water resources to be guarded from
contamination, geophysical investigations are
critical.

Groundwater potentiality measures the quantity
and quality of subsurface water that may be
abstracted from water reservoirs without causing
adverse damage to the aquifer overburden
(Batte et al., 2010; Obiora et al., 2015, 2016;
Eyankware et al., 2020; Eyankware and Aleke,
2021; lbuot and Obiora, 2021). Although surface
water resources abound in most coastal milieus,
their accessibility and dependability are at times
restricted. Groundwater resources are more crucial
in such locations more crucial in such locations for
satisfying the domestic and industrial needs of the
populace. An increase in water demand puts an
enormous strain on groundwater supplies in
locations where groundwater is the predominant
potable water source. The investigation site in this
work, for example, is heavily dependent on
subterranean water resources. The water resources
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are under pressure due to a burgeoning population
and the associated industrialization. Although
some surface water sources like streams and lakes
exist, they are highly vulnerable to pollution. In
addition, the existing surface water sources
experience seasonal changes, reducing their availability
during arid periods. This makes subterranean water
resources paramount for potability and maintaining
diverse economic activities. Numerous obstacles
may nevertheless preclude groundwater resources
in the area from being sustainable. The aquifer
system may be contaminated via inappropriate
waste disposal and other anthropogenic activities
that endanger groundwater quality, making the
water resource unfit for human consumption
(Aweto, 2011; Arowoogun and Osinowo, 2022;
Okoroh and Ibuot, 2022; Inyang et al., 2024; Ojo
et al., 2024). Once a water reservoir is employed
as a potable water resource, effective management
becomes critical to ensure non-deterioration of
water quality (Ndatuwong and Yadav, 2015; Oni
etal., 2017; Oloruntola et al., 2017; Agbasi et al.,
2019; Nisar et al., 2021).

Electrical resistivity gradient, otherwise termed
longitudinal resistance, was employed in this work
for the parameterization of subsurface heteroge-
neity and aquifer vulnerability to contamination.
The resistivity gradient is a second-order
geoelectrical parameter generated from measures
of first-order geo-electrical indices, which include
the strata resistivity, thickness, and depth (Onuoha
and Mbazi, 1988; Rai et al., 2013; Udosen and
George, 2018b, George, 2021; Opara et al.,
2023). The resistivity gradient is the inverse of
longitudinal conductance (Q!), a key Dar-
Zarrouk parameter employed in assessing
groundwater protectivity (Oladapo et al., 2004;
Braga and Francisco, 2014; Naidu et al.,
2021; Sirsat et al., 2023). Electrical resis-
tivity gradient is defined as the ratio of geo-layer
resistivity to the geo-layer unit thickness).
Electrical resistivity gradients give information on
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subsurface heterogeneity and the ease with which
the overburden can be penetrated by
contaminants.

Several methodologies have been employed to
evaluate subterranean water contamination
resulting from pollutants percolating into
geological units. Each methodology has its
advantages and disadvantages, with no
methodology being competent in all geological
climes. Some of these methodologies employ
index-based aquifer vulnerability models like the
GOD model, the GALDIT model, the Aquifer
Vulnerability Index (AVI) model, the SINTAC
model, and the DRASTIC model, among others
(Foster, 1987; Stempvoort et al., 1993; Civita,
1994; Lobo-Ferreira et al., 2007; Saha and Alam,
2014; Adebiyi et al., 2019; Udosen et al., 2023;
Udosen et al. 2024i; Jamaa et al., 2024; Baki et
al., 2024; Mohan et al., 2024; Mehta et al., 2024;
Ourarhi et al., 2024). The above models, though
effective, do generate somewhat subjective results
since some of the parameters employed are not
obtained via quantitative interpretation.

The aim of this work was the utilization of
electrical resistivity gradient measurements,
coupled with other key second-order geoelectrical
parameters, in the parameterization of subsurface
heterogeneity and aquifer vulnerability to
pollution. This methodology will generate more
accurate results, given that the parameters
employed will be obtained via quantitative
computations. Via subdividing the geologic
column into units having predefined resistivity
measures and geo-layer thickness through which
current can permeate, resistivity gradient models,
integrated  with  models of longitudinal
conductance and electrical reflection coefficient
will be generated that would give information on
the subterranean resistivity variability and aquifer
protectivity. Electrical resistivity gradient, lon-
gitudinal conductance, and electrical reflection
co-efficient measures vary according to the geo-
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electrical characterization of the investigated
region, consequently, key geological information
generated from these measures are critical in the
characterization of lithological heterogeneity and
the assessment of groundwater vulnerability to
contamination.

2.0 Geology

The survey area is situated in Mkpat Enin, western
Akwa Ibom State, southern Nigeria (Figures la
and b). The region exists in an alluvial
environment, has an approximate area of 400 km?,
and lies between latitudes 4°30" - 4°35’' N and
longitudes 7°30" - 7°35’ E. The region’s climate is
a subtropical climate with discrete seasons: dry
and rainy. The dry season starts in October and
terminates in March whereas the rainy season
starts in April and terminates in September.
Temperatures during the dry season range from
25- 35°C, and annual rainfall within the region
ranges from 200 to 320 cm.

Three litho-stratigraphic formations exist in the
region with the oldest being the Shaly Akata
Formation having Eocene to Recent age (Short
and Stauble, 1967). The Akata Formation serves
as the hydrocarbon reservoir rock for the region
(Avbovbo, 1978; Petters et al., 1989; Stacher,
1995) and intrudes into the younger overlying
Agbada Formation. Shale swells, ridge sands, and
other diapiric features intruding into the Agbada
Formation are over-pressurized in the Akata
Formation shales. The Agbada Formation
(approximately 4km in thickness) serves as the
primary reservoir rock for crude oil depositories
across the Niger Delta. The Agbada Formation
comprises sands, shales, and silts arranged in
alternating  sequences, within a fluvial
environment. Overlying the Agbada Formation is
the Benin Formation, whose litho-stratigraphic
units comprise arenites intercalated with argillitic
materials (Short and Stauble, 1967; Reijers and
Petters, 1987). The Benin Formation, which

is the youngest formation within the investigation
area, serves as the main zone from which
groundwater resources are abstracted.

3.0 Materials and Methods

Geo-electrical prospecting methodologies were
utilized for the investigation. In the electrical
resistivity method, the passage of current via geo-
layers is analogous to current flow via conductors.
Each subsurface geo-layer automatically served as
a resistor to current flow based on the initial
resistivity of that given geo-layer. From measures
of resistance generated from the field resistivity
meter, one could evaluate the apparent resistivity
based on the electrode configuration employed.
The VES interpretations were constrained with
borehole lithological logs information (Thomas et
al.,2020) generated close to the investigation area.
To generate electrical sounding results consistent
with lithostratigraphic information, 19 VES
profile lines were investigated close to borehole
information. Via employment of an Integrated
Geophysical Instrument Service (IGIS) resistivity
meter and its accompanying —accessories,
resistivity information was obtained with
Schlumberger electrode configuration. The
Schlumberger configuration employed dual
current conductors A and B to insert electric
current [ directly into the basement, and dual
potential conductors M and N, to appraise the
differences V. The

to I generated measures of

corresponding  potential
proportion of V
apparent resistance R, such that

Ra ="~ (1)

Standard deviation values of less than 10% (as
indicated on the liquid crystal display (LCD) of
the resistivity meter) indicated accurate measures
of apparent resistance. The MN/2 had a gamut of
0.25 — 30m, and AB/2 had a gamut of 1 — 150m.
By altering the spread separating the potential
electrodes, one could increase the strength of
current injected into the subsurface.
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Figure 1a: Map of the region under investigation. The study area is the encircled region (Adapted from

Emmanuel, 2013).
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Figure 1b: Map showing the location of VES and ERT sample points (Adapted from Thomas et al. (2020))
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The geometric factor G for the Schlumberger
array is defined as

o {(’2—3)2—@)2} o

MN

The measure for geometric factor G is reliant on
the array type; G varies from one array type to
another. The value of geometric factor G as
described by equation (2) was multiplied by the
value of apparent resistance R, obtained from the
Liquid Crystal Display (LCD) screen of the
resistivity meter to generate measures of apparent
resistivity p, as follows:

Pa =GR, (3)

The apparent resistivity field data was converted
to its corresponding geologic models via the
employment of the WINRESIST software
(Vander Velpen and Sporry, 1993).

Measurements were considered accurate when the
root mean square (RMS) error was < 10%,
indicating a small variance between field and
theoretical data. Geological images obtained from
vertical electrical soundings indicated the
resistivity, thickness, and depth of the litho-
stratigraphic layers (Zohdy, 1974; Vander-Velpen,
1988; Loke et al., 2001; Loke and Dahlin, 2002;
Samouélian et al., 2005; Frifita et al., 2024; Alao
et al., 2024).

In addition to the employment of vertical electrical
soundings in the delineation of the first-order geo-
electrical parameters, four electrical resistivity
tomography (ERT) profile lines were investigated.
The essence of undertaking the ERT surveys
alongside the vertical electrical soundings (VES)
was to generate high-resolution 2D images that
would delineate the lateral and vertical variation
in the geo-electrostratigraphic information. The
tomographic images obtained from ERT would
serve to complement results obtained from VES,
and the integration of the information from the two

Published September 2024

techniques would give more

than would be

geophysical
comprehensive
obtained from the employment of one technique
A Wenner array configuration was
employed for the ERT survey. The array had a
minimum electrode spacing of 5m and a
maximum electrode spacing of 105m, and the
electrodes were placed at equal distances from
each other. The current electrodes (AB) were used
to insert current, and the potential electrodes (MN)

information

alone.

measured the potential difference generated
between the current electrodes. The geometric
factor G for the Wenner configuration is defined
as:

G = 2na “4)

with the parameter a being the equidistant interval
between the electrodes. This geometric factor
G was multiplied by the values of apparent
resistance R, to produce estimates of apparent
resistivity p, such that:

Pa =GR, 5)

Conversion of the apparent resistivity information
into geologic models was via the reconstruction
algorithm RES2DINV (Loke and Barker, 1996;
Loke et al., 2001; Loke and Dahlin, 2002). The
problem of resistivity imaging is ill-posed
(Groetsch and Groetsch, 1993; Engl ef al., 1996;
Zhdanov, 2002; Udosen et al., 2011; 2013a, b;
Udosen and Potthast, 2018; 2019; Richter, 2021;
Bertero et al., 2021), hence it required regularization
schemes to generate stable solutions. The geologic
models generated from the RES2DINV
reconstruction  algorithm  were  considered
accurate when the root mean square (RMS) error
on the tomograms was < 10%. Such reduced
values of RMS errors indicated minimal variation
between the field information and the computed
data. The tomographic images delineated the
perpendicular and lateral diversity of subterranean
resistivity across the profile lines. Precautions
were carried out to enable the acquisition of
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accurate data that represented the true litho-
stratigraphic profile of the survey area. These
precautions included the avoidance of locations of
underground pipes, electrical power lines, and
other electromagnetic radiations, the goal being to
preclude the inclusion of anomalous information
that did not represent the true subsurface
information. Another precaution was the check to
ensure adequate ground-electrode contact, the
goal being to ensure that current injected via the
resistivity meter permeated the earth’s surface.
Other precautions were the establishment of an
equivalent of an equivalent distance spread for the
conductors, and the avoidance of built-up
locations when determining where to situate
profile lines.

The first-order geoelectrical indices
employed in the computation of the resistivity

wEere

gradients that would enable the evaluation of the
subsurface heterogeneity and the water reservoir’s
susceptibility to toxicants. The resistivity gradient
is the inverse of longitudinal conductance S;, a key
Dar-Zarrouk parameter. Longitudinal conductance S;,
is given by:

S =20 (6)

with h as thickness of subterranean layers overlying
the aquifer, and p as resistivity of subterranean
layers overlying the aquifer. The second Dar-
Zarrouk parameter, transverse resistance, was also
evaluated to indicate aquifer potentiality within
the region. Transverse resistance Tp measures
were obtained via the empirical formulation:

Tr = X1 hi p; (7)

The electrical resistivity gradient (RG) was
evaluated via:

RG=X75- ®)
to give
RG =374 )

Published September 2024

with has thickness
overlying the aquifer and pas resistivity of
subterranean layers overlying the aquifer. The
measures of resistivity gradient were later
employed to delineate how resistivity varied

of subterranean layers

within each subsurface geo-layer. Each subsurface
geo-layer has specified measures of resistivity
gradient, which gives information on the nature of
resistivity p; for a given unit thickness h;.
Resistivity gradient (RG) would also be used to
delineate quantitatively, the vulnerability of the
aquifer to contamination.

To further assess how subsurface resistivity varied
within the study area, reflection coefficient
employed. The
coefficient delineating the resistivity variation
between the first and second litho-stratigraphic

measures were reflection

layers was given as:

P2~ P1
= — 1
k12 p2t p1 ( 0)

where k,, = reflection coefficient between first
and second litho-stratigraphic layers, p;= sub-
surface resistivity of the first stratum, and p, =
subsurface resistivity of the second stratum. The
reflection coefficient describing the resistivity
variation between the second and third layers was
given as:

(1D

where k,3 = reflection coefficient between second
and third litho-stratigraphic layers, p,= subsurface
resistivity of the second stratum, and p3; =
subsurface resistivity of the third stratum.

4.0 Results and Discussion

The resistivity curves generated by WINRESIST
described four geo-stratigraphic layers (Table 1).
The uppermost stratum (motley/heterogeneous
topsoil) had resistivity measures of 95.2 - 1463.7
Qm with a 0.6 - 6.6 m thickness. The second
lithological layer (clayey sand) had resistivity
values of 8.8 - 2485.1 Qm with a thickness of 2.3-
114.6 m.
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Table 1: Summary of first-order geo-electrical parameters. The table illustrates that the thickness of lithological
layers increased with subsurface depth

\,QES Longitude  Latitude No of Stratum resistivity (2m) Stratum thickness (m) Stratum depth (m) Ct;rr)\ée
0. strata
pl p2 p3 p4 hl h2 h3 di d2 d3

1 7778767 4619278 4 63240 18930 133270 65890 1.50 1170 9320 150 1330 10650  HK
2 777778 4618333 4 51440 131580 50890 27810 1.00 350 12370 1.00 450 12820  KQ
3 7775753 4620972 4 32450 10650 43930 10220 070 550 3830 070 620 4460  HK
4 7778417 4620472 4 40340 11040 57490 25800 660 650 7840 660 1310 9150  HK
5 7775583  4.623389 3 54190 211670  300.00 - 330 3300 - 330 36.30 - K
6 7771917 4621278 4 34430 5050 58320 87.60 170 1810 5330 170 1970  73.00  HK
7 7769833 4621444 3 131980 51420  283.80 - 140 11460 - 140 11600 - Q
8 7774972 4620083 3 84200 248510 376.40 - 100 31.80 - 100 32.80 - K
9  7.776528 4618306 4 24990 5580 50640 8200 180 1120 3490 180 1310 4800  HK
10 7.776234 4618812 4 39570 1567.10 51030 1808.60 0.60 7.90 4930 060 850  57.80  KH
11 7.7778251 4624232 4  401.60 110840 48190 119590 1.10 27.50 5050 1.0 2860  79.10  KH
12 7762542 4625431 3 56340  966.10 111590 - 110 75.10 - LI0 7620 - AK
13 7764312 4620323 4 18310 2140 64020 11710 090 230 5140 090 320 5460  AK
14 7764213 4621554 4 13600 1010 123630 289.10 200 590 7680 200 790 8470  HK
15 7765765 4623312 4 9520 880 74600 21780 150 790 5810 150 940 6750  HK
16 7755764 4625323 4 112800 62620 24860 66040 190 23.10 4690 190 2500 7180  QH
17 7756651 4626434 4 26840 109630 170.60 143350 1.50 1580 4570 150 1730  63.00 KA
18 7762621 4618544 4 146370 8880  86.50 42900 130 1990 5650 130 2120 7770  QH
19 7762586 4616121 4 85820 106920 7250 27150 290 1680  63.00 290 1970 8280  KH
The third lithological stratum (fine/medium- employed to constrain the vertical electrical

grained sands) had resistivity values ranging from
72.5 - 1332.7 Qm with a thickness of 34.9 - 123.7 m.
The fourth lithological stratum had resistivity
measures of 82.0- 1808.6 Qm. The data indicated
that the aquifer was located within the second and
third lithological strata. Figure 2 illustrates
borehole lithological data (Thomas et al., 2020)

Depth
om ——

VES 4

40m —]

60m

80m

soundings. Figures 3(a-c) depict maps illustrating
the electrical resistivity variation of the first three
geo-electrical layers. Different curve types were
generated from the VES measures (Figure 4).
From the measures of first-order geo-electrical
indices delineated in Table 1, the second-order
geoelectrical indices were computed (Table 2).

- Motley topsoil
Clayey sand

&ggg Fine/medium grained sand

Figure 2: Borehole (BH) information correlated to vertical electrical sounding (VES) data
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Figure 3: (a) Resistivity distribution of layer 1; (b): resistivity distribution of layer 2; (c) resistivity distribution
of layer 3. On the color scale, blue represents very low, cyan represents low, green and yellow represent moderate,

red represents high, and purple represents very high

According to Oladapo and Akintorinwa (2007),
longitudinal conductance measures of less than
0.1 Q! indicate poor aquifer protection, 0.1-0.19
Q! indicates weak aquifer protection,0.2-0.69 Q!
indicates moderate aquifer protection, 0.7-4.9Q"!
indicates good aquifer protection, 5-10 Q!
indicates very good aquifer protection, and > 10
Q! indicates excellent aquifer protection. On the

Published September 2024

map of longitudinal conductance (Figure 5a),
locations with high longitudinal conductance
measures (> 0.75 Q') indicated zones with good
aquifer protectivity. Figure 5a also indicated that
most of the investigation area had weak aquifer
protectivity, with good protectivity found
predominantly in the north-central region.

REJEIST



10

Researchers Journal of Science and Technology (2024) 4(6): 1 - 28

RMS-error: 49 o No Res Thick Depth RMS-error: 25 & No Res Thick Depth
= 13443 17 17 13 12499 18 18
g 2 505 181 197 E 2 558 112 131
= 3 5832 533 730 s 3 5064 349 480
= 4876 - - = 4820 — --
2 1003 ¢ 1 g 100 ¢ 1
] 4
g z
< =<
1042 1042
100 . - P n i
100 10M 1002 1043 100 10M 1042 1003
Current Electrode Distance (AB/2) [m] Current Electrode Distance (AB/2) [m]
RIS-eror: 26 Mo Res Thick Depth RuS-grror: 2.3 - No Res Thick Depih
c
- 15418 33 33
_ 13245 07 07 3
£ 2 1065 55 62 E Heilyy S 2%
s 3 4303 383 445 s o
- e =
£ 4 1022 z
b - L i § 103
é 1043 E
H g

1072

100

1040

104

L
102

Current Electrode Distance (AB/2) [m]

1043

102 b

108
104

0

10

1002 103

Current Electrode Distance (AB/2) [m]

(©)

(d)

RMS-grror: 3.9
T0°4

Ne Res Thick Depth

10°3

Appar. Resistivity [ohmm]

12 b

104

100

100

1012

Current Electrode Distance (AB/2) [m]

1003

14034 66 66
2 1104 65 131
3 5749 784 915
4 258.0 -

RNS-2rr

5

25

T

3

03

113198 14 14
2 5142 1148 116.0
3 2838 - --

[

Appar. Resistivity [ohmm]

1002

10M .
1040 10

1002

Current Electrode Distance (AB/2) [m]

1043

(e)

("

Figure 4(a-f): Representative curves generated from the VES interpretation

Table 2: Overview of second-order geo-electrical variables derived from the first-order geo-electrical indices

Longitudinal conductance Reflection
Transverse resistance ((2m?) o
VES . . Qb Resistivity gradient (Q) coefficient
Longitude Latitude
No. Stratum  Stratum Stratum Stratum
Total Stratum 1 Stratum 2 Total Total K12 Kz
1 2 1 2
1 7.778767 4.619278 0.002 0.062 0.064 948.600 2214.810 3163.410 421.600 16.179 437.779 -0.539 0.751
2 7.77778 4.618333 0.002 0.003 0.005 514.400 4605.300 5119.700 514.400  375.943 890.343 0.438 -0.442
3 7.775753 4.620972 0.002 0.052 0.054 227.150 585.750 812.900 463.571 19.364 482.935 -0.506 0.610
4 7.778417 4.620472 0.016 0.059 0.075 2662.440 717.600 3380.040 61.121 16.985 78.106 -0.570 0.678
5 7.775583 4.623389 0.006 0.016 0.022 1788.270 69851.100  71639.370 164.212 64.142 228.355 0.592 -0.752
6 7.771917 4.621278 0.005 0.358 0.363 585.310 914.050 1499.360 202.529 2.790 205.319 -0.744 0.841
7 7.769833 4.621444 0.001 0.223 0.224 1847.720 58927.320  60775.040  942.714 4.487 947.201 -0.439 -0.289
8 7.774972 4.620083 0.001 0.013 0.014 842.000 79026.180  79868.180 842.000 78.148 920.148 0.494 -0.737
9 7.776528 4.618306 0.007 0.201 0.208 449.820 624.960 1074.780 138.833 4.982 143.815 -0.635 0.801
10 7.776234 4.618812 0.002 0.005 0.007 237.420 12380.090 12617.510  659.500 198.367 857.867 0.597 -0.509
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11 7.7778251 4.624232 0.003 0.025 0.028 441.760
12 7.762542 4.625431 0.002 0.078 0.080 619.740
13 7.764312 4.620323 0.005 0.107 0.112 164.790
14 7.764213 4.621554 0.015 0.584 0.599 272.000
15 7.765765 4.623312 0.016 0.898 0.913 142.800
16 7.755764 4.625323 0.002 0.037 0.039 2143.200
17 7.756651 4.626434 0.006 0.014 0.020 402.600
18 7.762621 4.618544 0.001 0.224 0.225 1902.810
19 7.762586 4.616121 0.003 0.016 0.019 2488.780

30481.000 30922.760 365.091 40.305 405.396 0.468 -0.394
72554.110 73173.85 512.182 12.864 525.046 0.263 0.072
49.220 214.01 203.444 9.304 212.749 -0.791 0.935
59.590 331.59 68.000 1.712 69.712 -0.862 0.984
69.520 212.32 63.467 1.114 64.581 -0.831 0.977
14465.220 16608.42 593.684 27.108 620.792 -0.286 -0.432
17321.540 17724.14 178.933 69.386 248.319 0.607 -0.731
1767.120 3669.93 11235.92 4.462 1130.385 -0.886 -0.013
17962.560 20451.34 295.931 63.643 359.574 0.109 -0.873

This is worrisome, as groundwater resources are
the the
investigated area. This map of longitudinal
conductance has

main source of potable water in
therefore given important
information indicating that the north central area
is most optimal for groundwater abstraction, and
other locations should be avoided due to reduced

aquifer protectivity in those areas.

Figure 5b illustrates the map of transverse
resistance, the parameter employed to evaluate
aquifer potentiality. The values of transverse
resistance, with a gamut of 3669.93-79868.18Qm?
and a mean value of 20451.34 Qm?, indicated high
aquifer potentiality. Locations with high
transverse resistance measures (> 62000 Qm)
indicated zones with excellent aquifer potentiality.

Published September 2024

The variation in resistivity gradient within the
investigation area is portrayed in Figure 5c. The
figure demonstrates that resistivity gradient
measures varied widely within the region.
Locations with very low/low resistivity gradient
measures indicated zones with high aquifer
protectivity. This occurred predominantly in the
north-central section (i.e., zones with resistivity
gradient values of 150 Q and less). This implies
that the majority of the study area had low
susceptibility to contamination and was therefore
prone to pollutant percolation via the vadose zone.
The resistivity gradients in strata 1 and 2 and the
total resistivity gradient for both strata were
compared on regression curves (Figure 6).
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Longitude

(b)

Latitude

Figure 5(a): Map of longitudinal conductance; (b): map of transverse resistance; (c) map of resistivity gradient.
On the color scale, blue represents very low, cyan represents low, green and yellow represent moderate, red
represents high, and purple represents very high
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Figure 6: Regression curves illustrating individual resistivity gradient variation in strata 1 and 2. Also illustrated
is the regression curve indicating the total resistivity gradient for strata 1 and 2

Figure 6 shows that the wvariability between
resistivity gradient measures in stratum 2 was
higher than that in stratum 1. This variability
indicated that the subsurface would be more
vulnerable to contaminant percolation due to the
intercalation of diverse heterogeneous earth
materials. The typically homogenous geo-layers
that would help preclude leakage of contamination
were mostly non-existent, making it more likely
that toxicants would easily percolate the vadose
zone into the aquifer material. Via observations of
the degree of variability in subsurface resistivity
gradient measures, one could deduce the degree of
susceptibility of the water-bearing formation to
pollution. Extremely variable subsurface layers
indicated lithologies more prone to contamination.
Figure 7 illustrates the difference curve of
resistivity gradients between layers 1 and 2. A
wide variation was observed in the difference
curve, indicating greater vulnerability to
contamination. To corroborate the wide variations
in subsurface resistivity generated from the
resistivity gradient regression curves, electrical

Published September 2024

resistivity tomograms (Figures 8a-d) generated
from electrical resistivity tomography surveys
were analyzed. The electrical resistivity
tomograms indicated large  subsurface
heterogeneity, the result of intercalations of
heterogeneous material within the study area.
These wide resistivity variations led to reduced
subsurface homogeneity, resulting in reduced
protectivity of the subsurface strata against
percolation by toxicants.

Other measures to evaluate subsurface resistivity
heterogeneity were the electrical reflection
coefficient connecting strata 1 and 2 (K12), and the
electrical reflection coefficient connecting strata 2
and 3 (Kz3). Figures 9a and 9b illustrate iso-
parametric maps for Kizand Kozs respectively.
These measures of Kizand Kz showed wide
subsurface  resistivity  variability, another
indication of a heterogeneous overburden with
lithofacies changes within the geo-stratigraphic
units. Comparing the regression plots of K12 and
K23 yielded Figure 10.
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Figure 8a-d: Representative resistivity tomograms generated from four ERT profile lines
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The regression curves of Kizand Kzsin Figure 10
were observed to be out of phase with one another,
indicating alternating inter-beddings of diverse
lithological facies, in this case, arenites and
argillites. These measures of the second-order
geoelectrical indices have therefore indicated that
the lithofacies are highly heterogeneous, that the
groundwater protectivity is generally weak, and
that the aquifer is prolific.

6.0 Conclusion

Geoelectrical technology was employed to
investigate electrical resistivity gradient measures
in a bid to characterize subterranean heterogeneity
and aquifer wvulnerability to contamination.
Nineteen vertical electrical soundings and four
electrical resistivity tomography profile lines were
investigated. The topmost lithological stratum
(heterogenous topsoil) had resistivity measures of
95.2 - 1463.7 Qm, with a thickness of 0.6 m - 6.6
m; the second lithological stratum (mix of clay and
sand) had resistivity measures of 8.8 Qm - 2485.1
Qm with a thickness of 2.3m -114.6 m, and the
third lithological stratum (fine/medium-grained
sands) had resistivity measures of 72.5 Qm -

Published September 2024

1332.7 Om with a thickness 34.9m — 123.7 m.
Vertical electrical sounding data were interpreted
to generate second-order geoelectrical indices
such as electrical resistivity gradient, electrical
reflection coefficient, longitudinal conductance,
and transverse resistance. The resistivity gradient
values fluctuated from low to high, delineating
highly heterogeneous litho-facies and diverse
resistivity curve types. Mean values of resistivity
gradients for layers 1 and 2 were 411.42Q and
53.22Q respectively. The integration of resistivity
gradient measures with other second-order geo-
electrical parameters such as electrical reflection
coefficient, longitudinal conductance, and
transverse resistance yielded key information for
parameterizing  subterranean  heterogeneity,
assessing geologic lithologies, and characterizing
the aquifer’s susceptibility to degradation. The
electrical reflection coefficient between strata 1
and 2, and that between strata 2 and 3, were
observed to be 90° out of phase with one another,
indicating alternating inter-beddings of diverse
lithological facies. The map of resistivity gradient
and longitudinal conductance indicated that
subterranean water protectivity was generally

REJ£:ST
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poor. The map of transverse resistance indicated
that subterranean water potential was high. The
integration of electrical resistivity gradient with
other geo-electrical measures has generated key
geo-hydraulic information for parameterizing
subterranean heterogeneity and groundwater
vulnerability to contamination.
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