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ABSTRACT

Assessing intrinsic groundwater vulnerability in crystalline basement terrains remains challenging
because conventional vulnerability approaches often fail to account for the vertical distribution
of the protective subsurface layer. This study presents a depth-weighted geoelectric vulnerability
index (DWGVI) designed to incorporate the depth-dependent effectiveness of protective layers
in basement aquifer systems. Electrical resistivity data from thirty vertical electrical sounding
(VES) points were quantitatively interpreted to derive layer resistivity and thickness parameters.
The DWGVI was formulated using the depth-weighted Dar Zarrouk principle, while longitudinal
conductance (S) was computed as a conventional indicator of aquifer protective capacity for
comparison. Results reveal a multilayered basement aquifer system characterized by thin
overburden and shallow fractured bedrock. Longitudinal conductance values ranged from 0.0155
to 0.1439 §, indicating predominantly weak to moderate protective capacity, whereas DWGVI
values vatied between 0.00744 and 0.06829 S/m. Following normalization, the derived
vulnerability index delineated zones of very low, low, moderate, high and very high intrinsic
vulnerability across the study area. Pearson correlation analysis revealed a statistically significant
moderate positive relationship between DWGVI and longitudinal conductance (r = 0.607 p =
0.00038), while Spearman’s rank correlation indicated a stronger monotonic association (p =
0.740, p = 0.001), suggesting that both indices respond similatly to variations in subsurface
resistivity and thickness. However, because the proposed index has not been independently
validated using hydrochemical or borehole datasets, its wider applicability requires further
investigation in other crystalline basements. The findings demonstrate that incorporating depth-
weighting significantly can improve the hydrogeological realism of geoelectrical vulnerability
assessment in basement terrains.
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Groundwater resources play a critical role in meeting
domestic, agricultural and institutional water demands,
particularly in areas where surface water availability is
limited or unreliable (Alao et al., 2024; Karandish et al.,
2025; Li & Elumalai, 2025). In many parts of sub-Saharan
Africa, including southwestern Nigeria, basement aquifers
constitute the primary source of portable water (Idowu &
Ojo, 2024; Nyika & Dinka, 2023; Ohenhen et al., 2023).
These aquifers are inherently vulnerable to contamination
due to their unique hydrogeological characteristics, which
distinguish them fundamentally from sedimentaty aquifer
systems. Basement aquifers are typically charactetized by
shallow water tables, thin and discontinuous overburden,
and groundwater occurrence largely controlled by
secondary porosity in weathered and fractured zones
(Akanbi, 2018). Unlike sedimentary aquifers, where thick,
laterally extensive clay layers may provide significant

natural protection, crystalline basement aquifers often lack
continuous confining units (Hgbueri et al., 2025). As a
result, contaminants introduced at the surface can rapidly
migrate into the subsurface through permeable regolith or
interconnected fracture networks, posing a substantial risk
to groundwater quality (Barranco et al., 2012). The
presence of fracture-controlled flow paths further
exacerbates this vulnerability by facilitating preferential,
and often rapid, contaminant transport that bypasses the
limited natural filtration capacity of the overburden.

Assessing groundwater vulnerability in basement terrains,
therefore, requires an approach that adequately captures
the combined effects of overburden properties, aquifer
depth, and structural controls (Akinwumiju &
Olorunfemi, 2018; Sharp, 2014). Traditional groundwater
vulnerability assessment methods, such as DRASTIC,
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GOD, and related index-based models, were originally
developed for sedimentary environments where aquifer
systems are relatively homogeneous and stratified
(Barbulescu, 2020; Fannakh & Farsang, 2022; Maria,
2018). These methods often rely on parameters such as
soil type, depth to water, and recharge rate, which may not
be readily available or appropriately representative in
crystalline terrains (Patel et al., 2022). Consequently, the
direct transfer of such indices to basement aquifers can
lead to misleading vulnerability estimates and inadequate
groundwater protection strategies.

Aquifer protective capacity refers to the ability of
ovetlying geological materials to attenuate or retard the
downward migration of contaminants before they reach
the groundwater system (Alao et al., 2023; Ikpe et al.,
2025). Intrinsic groundwater vulnerability describes the
inherent susceptibility of an aquifer to contamination
based on its natural hydrological characteristics,
independent of the nature and magnitude of contaminant
loading (Barbulescu, 2020). Contamination risk, however,
represents the combined effect of intrinsic vulnerability
and the presence, intensity and probability of
contamination sources.

Geophysical approaches, particularly electrical resistivity
methods, have been widely used as cost-effective tools for
evaluating the protective capacity of aquifers in data-
scarce basement regions (Adamu et al., 2025; Lawal &
Usman, 2022; Sani et al., 2025; Shuaibu, 2024; Hassan &
Rilwanu, 2025). Parameters derived from vertical electrical
sounding (VES), such as overburden thickness and
longitudinal conductance, have been extensively used as
proxies for intrinsic aquifer protection (De Almeida et al.,
2021). While these parameters provide valuable insights,
they implicitly assume that all protective layers contribute
equally to aquifer protection, regardless of their depth
below the surface (Jain, 2023). This assumption is
problematic in basement terrains, where the effectiveness
of the protective layer is strongly influenced by its position
relative to the surface and the aquifer. Shallow, low-
resistivity layers can significantly attenuate contaminant
migration, whereas deeper, conductive layers may offer
limited protection despite contributing high conductance
(You et al., 2020).

This limitation highlights a critical gap in existing
geoelectrical ~ vulnerability  indices: the inadequate
representation of depth-dependent protection in
crystalline basement aquifers. Current indices largely
neglect the vertical distribution of protective materials,
thereby oversimplifying the complex interactions among
lithology, thickness, and depth. As a result, areas with deep
but conductive layers may be incorrectly classified as well-
protected, even when the aquifer is effectively exposed to
surface-derived contamination. In response to this
challenge, there is a growing neced for vulnerability
assessment that explicitly incorporates the depth
dependence of protective layers in the basement aquifer
system.  Integrating  depth-weighted  geoelectrical
parameters provides a more realistic representation of
intrinsic vulnerability by accounting for the decrease in the
protective efficiency of overburden materials with depth.
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Such an approach is particularly suited to crystalline
terrains, where shallow weathered layers and fracture
networks dominate groundwater recharge and flow
dynamics. This study addresses this gap by proposing a
depth-weighted geoelectrical index designed to improve
the evaluation of groundwater vulnerability in basement
aquifers.

The inverse-depth weighting scheme adopted in this study
is founded on the premise that the effectiveness of a
protective layer decreases with increasing distance from
the ground surface. Contaminants introduced at the land
surface interact rapidly with shallow subsurface materials,
thereby exerting the greatest influence on attenuation
processes such as adsorption, filtration, and dispersion
(Omo-Okoro et al., 2025). Conversely, deeper conductive
layers, although potentially contributing substantially to
cumulative conductance, may provide limited practical
protection if overlying strata permit rapid contaminant
transmission (Udosen et al., 2024). By assigning greater
weight to shallow protective layers, the proposed inverse-
depth seeks to better represent the hydrogeological
significance of near-surface materials in basement aquifer
environments with thin overburden. This study
hypothesizes that incorporating the vertical position of
protective  layers into  geoelectrical  vulnerability
assessment will yield a different representation of intrinsic
vulnerability compared with conventional longitudinal-
conductance methods that do not explicitly account for
depth-dependent protective effectiveness.

This study aims to develop and apply a depth-weighted
geoelectrical index to evaluate the intrinsic groundwater
vulnerability of basement aquifers, with a view to
improving vulnerability assessment in crystalline basement
terrains, where conventional indices are often inadequate.
To achieve this aim, the study secks to derive subsurface
layer resistivity and thickness parameters through
quantitative interpretation, formulate a depth-weighted
geoelectrical  vulnerability — index  that  explicitly
incorporates the vertical position of protective layers
relative to aquifer depth, compare the performance of the
proposed depth-weighted index with the conventional
longitudinal conductance method commonly used for
aquifer protective capacity assessment and produce a
groundwater vulnerability zoning maps based on the
proposed index to delineate areas of varying intrinsic
vulnerability. This study presents an analytical extension
of eatlier geophysical investigations in the area (Adebisi et
al, 2026), with the emphasis shifted from aquifer
characterization to vulnerability assessment using a newly

developed depth-weighted index.

Although the geoelectrical dataset utilized in this study
was previously interpreted for groundwater potential
evaluation by Adebisi et al. (2026), the objective and
analytical framework of the present investigation are
fundamentally different. The eatlier study focused on
identifying favourable groundwater accumulation zones
using integrated magnetic and electrical methods. In
contrast, this study re-analyses the interpreted VES
models to develop and evaluate a depth-weighted
geoelectrical vulnerability index to assess the intrinsic

Adebisi et al., /USci, 5(2): 323 — 335, June 2026 324


https://publications.umyu.edu.ng/scientifica

susceptibility of the aquifer system to surface-derived
contamination. Thus, the novelty of the work lies not in
acquiring new geophysical data but in formulating and
applying a depth-sensitive vulnerability that explicitly
accounts for the vertical distribution of protective layers.

STUDY AREA DESCRIPTION

The study area is within the premises of the Federal
University of Health Sciences, Ila-Orangun (Adebisi et al.,
2026). The area is located within the crystalline Basement
complex of southwestern Nigeria and is characterized by
increasing reliance on groundwater for domestic and
institutional ~ water supply. Climatically, the area
experiences a tropical humid regime with distinct wet and
dry seasons. Annual rainfall is moderate to high,
promoting active groundwater recharge through
infiltration (Abd-Elaty et al., 2024), patticulatly during the
rainy season. While this enhances groundwater availability,
it also facilitates the downward migration of surface-
derived contaminants. The geological and hydrogeological
descriptions are adapted from earlier investigations of the
area (Adebisi et al, 2026). Geologically, the area is
underlain by Precambrian crystalline rocks comprising
predominantly granites, gneisses, and schists (Obaje,
2009). Groundwater occurrence is restricted to the
weathered regolith and fractured basement zones, where
secondary porosity and permeability control storage and
flow. The overburden consists of topsoil, clayey to sandy
weathered materials and partially fractured bedrock.
Hydrogeologically, the aquifer system is confined to semi-
confined, with shallow water tables in many parts of the
area (Adebisi et al., 2026). Institutional facilities and
agricultural activities dominate land-use patterns in the
study area. Waste disposal practices, including the use of
septic tanks and refuse dumps, are pootly regulated and
sited without adequate consideration of the subsurface.

MATERIALS AND METHODS

The geophysical dataset utilized in this study was originally
acquired and interpreted in a previous investigation by
Adebisi et al. (2020) and is re-analyzed here using a new
vulnerability modelling framework. Permission to conduct
the geophysical survey was obtained from the relevant
university authorities during the original data acquisition
stage. The study involved non-invasive geophysical
measurement and did not include human or animal
subjects. The sutvey employed an ABEM Terrameter SAS
1000 resistivity meter. Electrical resistivity data for this
study were acquired using the vertical electrical sounding
(VES) technique, which is well-suited for investigating the
vertical variation of subsurface electrical properties in
basement complex terrains. The Schlumberger electrode
configuration was adopted due to its sensitivity to changes
in layer resistivity and thickness, as well as its widespread
application in groundwater vulnerability studies (Oyeyemi
ct al,, 2022). A total of thirty VES points were established
across the study area to ensure adequate spatial coverage
and to capture lateral variations in subsurface conditions
relevant to aquifer vulnerability. The sounding locations
were strategically selected based on accessibility, land-use
distribution and geological variability, with emphasis on
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areas of high groundwater abstraction and potential
contamination sources. Details of the apparent resistivity
measurements, electrode spacing and complete VES
metadata for VES 1 to VES 10 is provided in the Table 1
below.

At each VES station, the current electrode separation (AB)
was progressively increased symmetrically about the
centre point while maintaining relatively small potential
clectrode spacing (MN). The maximum half-current
electrode spacing (AB/2) employed in the survey was 100
m, which provided sufficient depth of investigation to
resolve the overburden sequence and the top of the
basement aquifer. Apparent resistivity values were
computed from the measured field resistances using the
appropriate geometric factor for the Schlumberger array.
The acquired apparent resistivity data were subjected to
quantitative interpretation through a combination of
partial curve matching and computer-assisted inversion.
Initial model parameters were obtained from standard
master curves, and iterative inversion using Winresist
software was performed to obtain the true layer
resistivities and thicknesses. The quality of the inversion
was assessed using the root-mean-square (RMS) error
reported by the software. The resulting geoelectrical

models formed the basis for deriving subsurface
parameters used in the subsequent vulnerability
assessment.

Longitudinal Conductance

The longitudinal conductance (S) method was employed
in this study as a conventional geoelectrical indicator of
aquifer protective capacity for comparative evaluation
with the proposed depth-weighted geoelectrical
vulnerability index (Adebisi et al., 2026; Bayewu et al.,
2018; Tijani et al., 2021). The longitudinal conductance at
each VES location was calculated using the standard
formulation:

_yn hi
S= i=1 0

@

S is the longitudinal conductance measured in Siemens,
pj is the true resistivity ({2.m) of the ith subsurface layer,
h; is the thickness (m), and n is the number of geoelectrical
layers overlying the aquifer.

Depth-Weighted  Geoelectrical ~ Vulnerability Index

(DWGVI)

The depth-weighted geoelectrical vulnerability index
(DOWGVI) is formulated to quantify the intrinsic
vulnerability of basement aquifers by explicitly
incorporating the depth-dependent effectiveness of
protective subsurface layers. Aquifer units were identified
based on the integrated interpretation of layer resistivity
characteristics, thickness and established hydrogeological
understanding of the basement terrains. Weathered layers
exhibiting moderate resistivity values and fractured
basement horizons with resistivity lower than that of fresh
basement were interpreted as potential aquifer units. Only
geoelectrical layers overlying the identified aquifer hotizon
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Where h; = thickness of the ith subsurface layer (m), p;

n
i=

DWGVI = !

The index is derived from geoelectrical parameters

obtained through VES interpretation and considers only

the layers ovetlying the aquifer unit. For a given VES

location, the DWGVI is defined as:

true resistivity of the ith layer (dm), z; = depth to the
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midpoint of the ith layer measured from the ground
surface (m), and n = total number of geoelectrical layers
above the aquifer.

h; . . .
The term —1 denotes the protective contribution of each

1
layer, analogous to the classical concept of longitudinal
conductance, in which thicker, more conductive layers
provide greater resistance to contamination migration.
However, unlike conventional indices, the DWGVI

. .. . . 1
introduces an explicit depth-weighting factor,—, to
zi

account for the diminishing protective effectiveness of
deeper layers. By applying inverse depth weighting, layers
closer to the surface exert a stronger influence on the
index, reflecting their greater capacity to intercept
infiltrating contaminants at eatly stages. Conversely,
deeper layers contribute progressively less to overall
protection, even when they possess favourable resistivity
and thickness characteristics. This formulation aligns with
contaminant transport dynamics in basement terrains,
where shallow permeable zones and fracture networks
often dominate vertical flow. High DWGVI wvalues
indicate strong protective capacity and low intrinsic
vulnerability, typically associated with shallow, thick, low-
resistivity layers. Low DWGVI values indicate weak
protection and high intrinsic vulnerability, commonly
occurring where overburden is thin, resistive, or located at
greater depths.

To enable spatial comparison and facilitate vulnerability
mapping, the computed DWGVI values were normalized
using min-max scaling. Normalization transforms raw
DWGVI values into a dimensionless index with a uniform
range. The normalized DWGVI was computed as:

DWGVI-DWGVIpin 3)
DWGVIax—DWGVIpmin

DWGVI, =

Where DWGVI represents the computed index at a given
VES location, while DWGVI;, and DWGVI .5 denote
the minimum and maximum values obtained across the
study area, respectively. This transformation constrains
the normalized index to values between 0 and 1, enabling
consistent comparisons across locations. Following
normalization, the DWGVI,, values were classified into
five intrinsic groundwater vulnerability classes based on
their relative magnitudes using the natural break (Jenks)
algorithm, which identifies inherent groupings within the
data.

Statistical Analysis

Statistical analyses were carried out to evaluate the
relationship between the DWGVI and the conventional
longitudinal conductance (S) and to assess the robustness
of the index. The analysis was performed using standard
descriptive and inferential statistical techniques. The
computed DWGVI and S obtained at
corresponding VES locations were compiled into a unified
dataset to ensure one-to-one comparison. Descriptive
statistics, including minimum, maximum, mean and
standard deviation, were used to summarise the
distribution and variability of both indices across the study
area. To quantify the degree of association between

values
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DWGVI and S, cortelation analysis was conducted.
Pearson’s correlation coefficient () was employed to
assess the strength and direction of the linear relationship
between the two indices. In addition, Spearman’s rank
correlation coefficient (p) was computed as a non-
parametric measure to evaluate the monotonic
relationship  between DWGVI and S. Statistical
significance of the correlation was evaluated using
corresponding p-values, with significance assessed at the
95% confidence level (p<0.05). Scatter plots were
generated to visually examine the trends and discrepancies
between the indices.

RESULTS AND DISCUSSIONS

Interpretation of the VES data reveals a multilayered
subsurface typical of crystalline basement terrain. The
summary of the geo-electric parameters of the VES is
presented in Table 2.

Interpretation of the 30 VES data reveals a multilayered
subsurface typical of crystalline basement terrains.
Representative 1D inversion curves of sampled VES
stations showing calculated apparent resistivity and
computed model are displayed in Figurel and Figure 2.
The geoelectrical succession generally comprises a thin
topsoil, an underlying sandy clay-to-clayey sand unit, a
weathered basement layer, and a fractured to fresh
basement bedrock. The topsoil exhibits highly variable
resistivity values ranging from approximately 102 to 10862
. m, with thickness varying between 0.5 and 4.7 m. The
large resistivity variation reflects the presence of lateritic
hardpan in some locations.

The second layer, interpreted as sandy clay or clayey sand,
shows resistivity values between 73 and 691 (1. m and a
thickness of 1.1 to 4.9 m. This unit constitutes the primary
neat-surface protective layer in the study area. The
weathered layer displays resistivity values ranging from 54
to 1664 £).m and a thickness between 2.2 and 15.1 m. In
several locations, this unit serves as the main aquifer,
provided it is sufficiently fractured and saturated. The
fractured basement, identified as the principal
groundwater bearing unit, occurs at depths ranging from
approximately 3.6 m to 24.5 m, indicating generally
shallow aquifer conditions across the study area. Curve
type analysis reveals that HA-type curves dominate (40%),
followed by QH-type (20%). The predominance of HA
and QH curves suggests the widespread occurtence of
conductive intermediate layers underlain by some more
resistive basement, consistent with typical basement

complex hydrogeology.

Table 3 summarises the aquifer longitudinal conductance
and  the
vulnerability index across the VES points. Computation
of S and DWGVI is shown in the Appendix. Higher
DWGVI values indicate stronger protective effectiveness

computed  depth-weighted  geoelectrical

of overlying strata, whereas lower DWGVI wvalues

correspond to reduced attenuation potential and,

consequently, greater intrinsic groundwater vulnerability.
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Table 2: Summary of geoelectrical resistivity and thickness ranges

VES
Point

Curve
Type

Resistivity (Ohm. m)
P1/P2/P3/ --/Pn

Thickness (m)

hy/ha/h3/ ../ hn/~

Inferred Lithology

1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

QH
AH

HAK

KQH

HA

QHK

QH
HA

HA

QH

QH

QH

KH

HAA

HAA

HA
HA

HKH

QHA

QH

HKH

HA

342/148.9/97.5/173.8
311.7/341.9/70/759.1

296.3/270/279/351/2147

252.8/284.6/250.6/194.1/11545.5

433.7/137.3/214.5/7671.7

175.9/94.9/56.1/10429/1834

357.8/169.2/129/14984
457.8/142.5/257/9962.5

359.5/72.9/929.1/6709.8

10861.7/129.6/72.5/17231.4

2827/117.9/53.7/29309

2206.3/660.3/71.4/13417.4

101.7/420.2/217.8/2612.6

568/124.3/362/1056.7/4756.4

264.9/140.4/260.3/370.9/15129

185.1/112.4/615.9/24681.2
104.6/84.2/481.3/5023.9

274.3/89.4/270.5/74.1/3493.6

550.4/542.8/219.2/3468.5/25426.3

352.2/278.7/140.2/18419.6

353.2/235/606.7/165.9/27448.7

359.3/105.5/616.5/30234.4

https://publications.umyu.edu.ng/scientifica

0.5/3.3/11.3/-

0.8/1.3/4.6/-

0.7/1.1/12.7/22.7/-

1.1/2.2/8.3/9.2/-

0.7/1.9/11.5/-

1.1/1.1/3.5/24.5/-

0.7/1.1/7.6
0.6/2.1/12.8/-

0.8/4.8/13.9/-

1.2/2.9/8.8/-

0.5/1.8/3.6/-

0.9/3.1/6.3/-

47/2/7/-

0.5/2.3/8.5/15.6/-

0.6/3.1/3/1.7/-

0.9/2.1/9.5/-
0.6/4.2/5.8/-

0.5/1.2/2.2/5.3/-

0.8/2.1/5.8/11.5/-

0.7/3.5/6.7/-

0.5/2/2.7/5.4/-

0.6/1.5/15.1/-
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Topsoil/Sandy clay/Weathered
basement/Weathered basement
Topsoil/Sandy clay/weathered
basement/Fractured basement
Topsoil/Clayey sand/Sandy
clay/Fractured basement/Fresh
basement

Topsoil/laterite/sandy
clay/weathered basement/fresh
basement

Topsoil/Clay/Weathered
basement/fresh basement
Topsoil/Sandy clay/Weathered
basement/Fresh
basement/Basement
Topsoil/Sandy clay/Weathered
basement/Fractured basement
Topsoil/Sandy clay/Weathered
basement/Fractured basement
Topsoil/Weathered

material/ Weathered
basement/Fresh basement

Lateritic topsoil/Clayey
sand/Weathered basement/Fresh
basement

Lateritic topsoil/ Clayey
sand/Weathered basement/Fresh
basement

Lateritic topsoil/Dty sandy layer/
Weathered basement/Fresh
basement

Topsoil/Sandy clay/Weathered
basement/Fractured basement
Topsoil/Sandy clay/Weathered
basement/Fractured basement
/Fresh basement

Topsoil/Sandy clay/Weathered
basement/Weathered
basement/Fresh basement
Topsoil/Sandy clay/Weathered
basement/Fresh basement
Topsoil/Sandy clay/Weathered
basement/Fractured basement

Topsoil/Sandy clay/Weathered
basement/Weathered
basement/Fresh basement
clay/Weathered
basement/Fractured

Topsoil/Sandy

basement/Fresh basement
clay/Weathered
basement/Fractured basement
Topsoil/Sandy
sand/Fractured

Topsoil/Sandy

clay/Dry
basement/Fresh
basement

Topsoil/Sandy clay/Weathered
basement/Fractured basement
To be continned next page
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Table 2 continued
VES Curve Resistivity (Ohm. m) Thickness (m) Inferred Lithology
Point Type P1/P2/P3/ -/ Pn h1/hz/h3/ .../ hn/~
23 HA 317.6/271.8/1553.5/4883.7 0.7/4.6/15/- Topsoil/Weathered
basement/Fractured
basement/Fresh basement
24 HA 351.6/170.4/407.5/7590.5 0.9/2.1/12.4/- Topsoil/Sandy clay/Weathered
basement/Fractured basement
25 HA 520.9/462/675/27621.9 0.8/3.8/6.1/- Topsoil/Sandy clay/Weathered
basement/Fractured basement
26 AA 629.4/690.5/1459.5/4012.9 0.7/4.9/10.6/- Topsoﬂ/Lateritic clay/Fractured
basement/Fresh basement
27 HA 558.7/314/1045/2075.5 0.8/1.4/13.6/- Topsoil/Lateritic  clay/Fractured
basement/Fresh basement
28 AAA 313.4/478/1663.9/1986/12886.9 1.2/2.9/12/16.3/- Topsoil/Lateritic  clay/Fractured
basement/Fractured
basement/Fresh basement
29 HA 355.3/310.4/626.4/4701.3 0.9/1.9/8.1/- Topsoil/Sandy clay/Weathered
basement/Fresh basement
30 HA 289.9/112.2/571.2/23311.5 0.5/1.4/14.2/ Topsoil/Sandy clay/Weathered
basement/Fresh basement
*RMS-error: 43 FUHSIVES30 No Res Thick Depth
073 Schlumberger Configuration
. = .
- R 12809 05 05
= | 7 2 1122 14 19
= | WG 3 5712 142 161
= me 4233115 -~ --
E -___:t’ud-J__*_ﬁq_ +
T amg kSl ol B e _ * RMS on smoothed data
B 10
14
@
Q
Q
a
0 F - e -
10°0 | |
100 10M 1012 1013
Current Electrode Distance (AB/2) [m]

Figure 1: Sample four-layer curve type obtained at VES 30

Computed Longitudinal Conductance and DWGVI
and Normalized DWGVI Values

to moderate aquifer protective capacity. The DWGVI
ranges from 0.00744 S/m to 0.06829 S/m, with a mean of
0.0309+0.0146  S/m, reflecting substantial spatial
heterogeneity in the thickness, resistivity, and vertical
positioning of the protective layers.

The computed longitudinal conductance values across the
30 VES locations range from 0.0155 S to 0.1439 S, with a
mean of 0.06301+0.0341 S, indicating predominantly weak
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Figure 2: Sample five-layer curve type obtained at VES 15
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Figure 3: Relationship between DWGVI and S

Table 4 shows the cotrelation statistics between S and
DWGVI.  Pearson correlation analysis yielded a
coefficient of r = 0.607 (p = 0.00038), indicating a
statistically ~ significant moderate  positive  linear
relationship between the two indices. Linear regression
analysis yielded the equation DWGVI = 0.2598S +

https://publications.umyu.edu.ng/scientifica

0.0145, indicating that DWGVI increases with increasing
S values (Figure 3). Spearman’s rank correlation further
showed a stronger monotonic association (p = 0.740,
p = 0.001), suggesting that both indices respond
similarly to wvariations in subsurface resistivity and

thickness.
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Table 3: Summary of longitudinal conductance and computed DWGVI

Longitude Latitude = VES NO S (S) DWGVI (S/m) Normalized DWGVI Vulnerability
4947578 8.015122 1 0.0691 0.039793 0.531667 Moderate
4947610 8.015575 2 0.0926 0.040838 0.548841 Moderate
4.947690 8.016020 3 0.1165 0.027009 0.321562 High
4.947737 8.016438 4 0.0721 0.033224 0.423700 Moderate
4947787 8.016858 5 0.1395 0.028502 0.346099 High
4.947552 8.014717 6 0.0826 0.068287 0.999998 Very Low
4947462 8.014248 7 0.0674  0.032914 0.418610 Moderate
4947442 8.013790 8 0.0659 0.026186 0.308030 High
4947397 8.013335 9 0.0830  0.035151 0.455374 Moderate
4.947152 8.012780 10 0.1439 0.043202 0.587710 Moderate
4.947067 8.012427 11 0.0825 0.054915 0.780213 Low
4.946950 8.011995 12 0.0933 0.031947 0.402712 Moderate
4946878 8.011552 13 0.0831 0.033608 0.430019 Moderate
4946762 8.011118 14 0.0576 0.027029 0.321884 High
4.946662 8.010657 15 0.0405 0.034871 0.450772 Moderate
4946542 8.010227 16 0.0390  0.031846 0.401056 Moderate
4946428 8.009827 17 0.0677 0.047029 0.650600 Low
4946160 8.008730 18 0.0949 0.064047 0.930304 Very Low
4.945442 8.019887 19 0.0351 0.017019 0.157366 Very High
4.945577 8.019460 20 0.0623 0.027120 0.323385 High
4.945760 8.019035 21 0.0469 0.029541 0.363177 High
4945842 8.018597 22 0.0404  0.027768 0.334031 High
4945952 8.018182 23 0.0288 0.014943 0.123245 Very High
4.946115 8.017763 24 0.0453 0.022333 0.244711 High
4946387 8.017417 25 0.0188 0.011131 0.060600 Very High
4946637 8.017055 26 0.0155 0.007444 0 Very High
4.946855 8.016658 27 0.0189 0.011863 0.072623 Very High
4.946678 8.016268 28 0.0253 0.012775 0.087608 Very High
4.946440 8.015885 29 0.0216 0.015265 0.128540 Very High
4946158 8.015525 30 0.0391 0.028226 0.341555 High
Table 4: Correlation statistics between S and DWGVI
Statistic Value
Pearson’s (1) 0.607
p-value 0.00038
Spearman’s (p) 0.740
p-value 0.001
Sample size 30

However, the correlation is not perfect, reflecting the
influence of depth-weighting in the DWGVI formulation.
This divergence indicates that while both indices capture
general protective trends, the DWGVI introduces
additional sensitivity to the vertical distribution of
protective  layers, thereby  providing enhanced
hydrogeological realism for vulnerability assessment in
basement aquifer systems.

Following min-max normalization, DWGVI, values range
from O to approximately 1.0. High normalised values
(>0.75) observed at VES 6, VES 18, and VES 11
correspond to locations where relatively thick, moderately
conductive weathered materials occur close to the surface,
thereby increasing effective aquifer protection under the
depth-weighted framework. In contrast, very low
normalized values at VES 26, VES 25, and VES 27
indicate zones of high intrinsic vulnerability, characterized
by thin overburden and a shallow fractured basement.
Although some locations exhibit high longitudinal
conductance, such as VES 5 and 10, their DWGVI, values
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are only moderate, demonstrating that depth-independent
conductance may overestimate protection where
conductive layers occur at greater depth. Conversely, VES
6 shows only a moderate S value but the highest DWGVI,
highlighting the strong influence of shallow protective
layers in the depth-weighted approach. Overall, the results
confirm that intrinsic groundwater vulnerability in the
study area is primarily controlled by shallow aquifer
occurrence and the vertical distribution of clay-rich
weathered materials, and they demonstrate that
incorporating depth-dependent weighting provides a
more realistic representation of protective effectiveness in
the basement aquifer system than conventional
longitudinal conductance alone.

Figure 4 shows the spatial distribution maps of the
longitudinal conductance and the depth-weighted
geoelectrical ~ vulnerability index. The longitudinal
conductance map displays relatively smooth gradients,
with moderate protective zones extending across much of
the central and southern parts, reflecting its cumulative
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integration of layer thickness and conductivity without
accounting for depth. Areas with deeper conductive
layers, particularly around VES 10-12 and in the southern
part, show relatively elevated conductance values that may
overstate aquifer protection. In contrast, the DWGVI
map presents sharper spatial contrasts and a more
hydrogeologically consistent vulnerability structure. High-
protection zones in the north-central portion around VES
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24 — 28 show that they are more distinctly resolved,
corresponding to shallow, moderately conductive
weathered materials that provide effective near-surface
attenuation. At the same time, several areas that atre
classified as moderately protected by conductance are
downgraded in the DWGVI representation, especially
around VES 10-12 and the southern section of the area,
where lower.
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Figure 4: (a) Spatial Distribution Map of Longitudinal Conductance of the Study Area (b) Spatial Distribution

Map of DWGVI of the Study Area

Depth-weighted values reflect shallow aquifer
conditions and limited overburden effectiveness.

The normalized DWGVI map (Figure 5) reveals
pronounced spatial variability in intrinsic groundwater
vulnerability across the study area. The distribution
highlights distinct vulnerability zones ranging from very
low to very high protective capacity, reflecting variations
in overburden thickness, lithological composition and
aquifer depth. The north-central part of the study area,
particularly around VES 24-29, is characterised by very
low DWGVIn values, indicated in blue. These zones
indicate high intrinsic vulnerability, characterized by
shallow aquifer conditions and relatively thin or less
conductive protective layers, which reduce the attenuation
capacity of the overburden and increase susceptibility of
surface-derived contaminants. Localized zones of high
DWGVIn are observed around VES 6-7 and in the
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southern region of the map, indicating areas of relatively
low vulnerability and stronger aquifer protection. These
zones are associated with thicker weathered materials and
moderately conductive shallow layers that enhance
contaminant attenuation. The central part of the study
area exhibits predominantly moderate DWGVI, values,
suggesting intermediate protective conditions where the
balance between overburden thickness and aquifer depth
results in moderate intrinsic vulnerability.

The predominance of weak to moderate protective
conditions observed in the present study is consistent with
previous investigations conducted within the Precambrian
basement complex of southwestern Nigeria, where thin
overburden  development and  fracture-controlled
occurrence have been associated with intrinsic
vulnerability (Bayewu et al., 2018). Similar observations
have been reported in other basement terrains,
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highlighting the challenges of groundwater protection in
environments characterized by discontinuous weathered
horizons and  heterogeneous  fracture networks
(Akintorinwa et al., 2020).
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Figure 5: Spatial Distribution Map of DWGVI,, of the
Study Area

CONCLUSION

This study proposed and preliminarily evaluated a depth-
weighted geoelectrical vulnerability index (DWGVI) for
the assessment of intrinsic groundwater vulnerability. The
DWGVI explicitly accounts for the vertical distribution of
protective layers, addressing limitations inherent to
conventional longitudinal conductance methods. Results
show substantial spatial variability in aquifer protective
capacity, with high DWGVI wvalues corresponding to
zones of thick, shallow, conductive weathered layers and
low values indicating thin overburden or shallow fractured
basement. Longitudinal conductance values ranged from
0.0155 to 0.1439 S, whereas DWGVI values ranged
between 0.00744 and 0.06829 S/m. A moderate positive
Pearson correlation (r = 0.607, p = 0.00038) and a
stronger Spearman rank correlation (p = 0.740, p = 0.001)
indicate that, while general trends are similar, the DWGVI
provides an alternative representation of intrinsic
vulnerability by incorporating the vertical position of
protective layers.
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The observed differences between the indices indicate that
depth-sensitive weighting may provide an alternative
perspective on intrinsic groundwater vulnerability in a
basement aquifer environment. The identified
vulnerability zones are interpreted as relative indicators of
susceptibility rather than direct evidence of existing
groundwater contamination. Also, the proposed DWGVI
remains preliminary work that has not yet been
independently validated.  Further studies integrating
hydrochemical analyses, microbial  indicators,
groundwater levels and contaminant-source inventories
are required to assess the predictive validity of the
proposed index. Furthermore, the study's findings are
based on a single institutional case study area underlain by
crystalline basement rocks. Consequently, caution should
be taken in generalizing the observed vulnerability
patterns of the DWGVI to other hydrological settings
without further evaluation.
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