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Abstract

Groundwater contamination is a major concern in the raffia city of Ikot Ekpene as a result of increasing domestic and indus-
trial wastes occasioned by increasing human population coupled with other commercial activities in the area. This study,
therefore, aims at assessing groundwater vulnerability in the raffia city of Ikot Ekpene and its environs in southern Nigeria
using integrated geoelectrical and geological techniques in the GIS-based DRASTIC model. Twenty vertical electrical
soundings (VES) were made in the area with the use of the Schlumberger array. The results of the VES data interpretation as
constrained by the geological borehole data indicate that the area comprises 3—4 geoelectric layers. The lithological sequence
in the area varies from fine to coarse sand and gravelly sands with pockets of clay intercalations at some locations. The third
geoelectric layer, which occurs at a depth of 9.0-86.6 m, is the major exploitable aquifer in the area. Seven environmental
parameters (depth to the water table, net recharge, aquifer media, topography, impact of vadose zone and hydraulic conduc-
tivity) were used for the vulnerability assessment in the DRASTIC model. In terms of groundwater vulnerability ratings
(GVR), the result of the assessment shows that 75% of the study area falls under high, 20% falls under moderate while the
remaining 5% falls under low ratings respectively. On the whole, 95% of the study area is characterized by moderate/high
GVR possibly due to the general lower slope terrain in the area, which comprises mostly high permeable geomaterials in
the overlying water table layers. The high groundwater vulnerability zone has been demarcated in the vulnerability map
generated and this could be very helpful in effective groundwater management and abstraction in the area.
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Introduction

Groundwater is increasingly desirous as a source of potable
water for the world’s teeming population, partly because
of its availability and secondly, due to its relatively better
quality when compared with surface water sources such
as streams, lakes, rivers etc. Groundwater is stored under-
ground in rock units known as aquifers, which are not visible
to the human eyes. These aquifers can be susceptible to pol-
lution or contamination from either natural or anthropogenic
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sources such as wastes from poor waste disposal, inappropri-
ate sewerage systems, mining activities, intensive agricul-
ture, industrialization and urbanization (Ekanem, 2022; Eka-
nem et al., 2022; Kumar & Krishna, 2020; Machiwal et al.,
2018). These activities cause groundwater to be contami-
nated and therefore unfit for human use. As a matter of fact,
groundwater contamination has become an issue of global
concern in recent times as a result of its enormous impacts
on human health as well as ecological services (Ekanem,
2022; George, 2021; Ikpe et al., 2022; Li et al., 2021). Con-
sequently, groundwater vulnerability assessment has become
an efficient tool to delineate areas that are prone to contami-
nation, all in an effort to formulate effective groundwater
management and groundwater protection schemes (Ekanem,
2022; Ikpe et al., 2022; Kumar & Krishna, 2020).
Groundwater vulnerability potential refers to the degree
of protection offered by the natural environment against the
spread of contaminants in groundwater. The geology of an
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area controls the amount of time taken by surface contami-
nated water for instance from rainwater to percolate through
the soil to the water table (Ekanem, 2020; George, 2021).
Surface contaminants or pollutants can infiltrate to contami-
nate groundwater depending on the nature of the geomateri-
als above the water table. Vulnerability in this case refers to
how easy it is for surface or near surface contaminants to
infiltrate to underground hydrogeological units to pollute
or contaminate groundwater (Foster et al., 2013; Harter &
Walker, 2001). The degree of contamination depends largely
on the time taken by the contaminants to reach the water
table (Maxe & Johansson, 1998), which is of course a func-
tion of the depth of the water table, characteristics of the
vadose zone, net recharge and the geochemical properties
of the contaminants (Abu-Bakr, 2020; Kumar & Krishna,
2020). Shallow aquifers are thus more susceptible to con-
taminants than deeper ones. Groundwater vulnerability may
be grouped into intrinsic (natural) and specific (integrated)
vulnerabilities respectively (NRC, 1993; Vrba and Zoporo-
zec, 1994). Intrinsic or natural vulnerability, which takes
into consideration the geological, hydrological and hydro-
geological features of an area, refers to the ease with which
surface originated contaminants regardless of their nature
can permeate into the water table and diffuse in groundwater
(Vrba and Zoporozec, 1994). Specific vulnerability on the
other hand refers to groundwater contamination caused by
a particular contaminant or group of contaminants and is
determined by the properties of the contaminants, taking
into consideration the time and intensity of the impact of
the contaminant and the interaction between the intrinsic
vulnerability components and the contaminant in question
(Doerfliger et al., 1999; Gogu & Dassargues, 2000a).
Several methods are available for carrying out ground-
water vulnerability assessment. These methods include the
DRASTIC method (Aller et al., 1987), GOD method (Foster,
1987), AVI method (Van Stempoort et al., 1992), the SIN-
TACS method (Civita, 1990) and the SI method (Boufe-
kane & Saighi, 2013). Among these methods, the DRAS-
TIC method is the most popular because it is very easy to
use; the required data are very easy to get and it gives a
lucid explanation of groundwater vulnerability (Awawdeh
& Jaradat, 2010; Neh et al., 2014; Awawdeh et al., 2015;
Barbulescu, 2020). This method utilizes seven parameters
for vulnerability assessment (Aller et al., 1987). The param-
eters are depth to groundwater (D), net recharge (R), aquifer
media (A), soil media (S), topography (T), impact of vadose
zone (I) and aquifer hydraulic conductivity (C), forming the
acronym ‘DRASTIC’. These input parameters, which are
readily available help to minimize the effects of errors of
the individual parameters on the final results and thus make
the model a great tool for groundwater vulnerability assess-
ment. The major drawback of the DRASTIC model is the
subjectivity in the assignment of weights and ratings to the
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different parameter components of the model (Gogu & Das-
sargues, 2000b; Chitsazan and Akhtari, 2008). All the same,
the model has been successfully used to assess groundwater
vulnerability in many parts of the world (Abdullahi, 2009;
Abu-bakr, 2020; Amiri et al., 2020; Awawdeh & Jaradat,
2010; Awawdeh et al., 2015; Barbulescu, 2020; George,
2021; Kumar & Krishna, 2020; Shirazi et al., 2013; Ven-
katesan et al., 2019).

In this study, the DRASTIC model was adopted to assess
the groundwater vulnerability of the raffia city of Ikot Ekpene
and its environs in southern Nigeria. All the input param-
eters in the DRASTIC model were obtained from the VES
data interpretation results apart from topography, which
was determined from the ASTER digital elevation model
(DEM) through the use of ArcGIS 10.5. The VES technique
has proven to be an important tool for the investigation of
electrical resistivity variation pattern of the subsurface and
constitutes a rapid and cost effective means of imaging sub-
surface aquifers (Ekanem et al., 2020; George, 2021; Ikpe
et al., 2022; Udoh et al., 2015). Unlike the conventional well
drilling, the VES technique is less expensive and environ-
mentally friendly since it only requires surface measurements
without the need for actual drilling of boreholes (Ekanem
et al., 2020; George et al., 2018; Udoh et al., 2015). Ikot
Ekpene, with inadequate surface water bodies, has experi-
enced water scarcity problems over the years due to rapid
population increase and urbanization (George et al., 2016a,
2017; Ikpe et al., 2022). There has been a continuous heavy
dependence on groundwater georesource to meet the increas-
ing water needs of the people of Ikot Ekpene municipality
and its environs. The resultant effect of this increasing human
population coupled with other commercial activities in the
area is a corresponding increase in both domestic and indus-
trial wastes in the area. Indiscriminate waste disposal has
become a major challenge in Ikot Ekpene municipality as
heaps of solid wastes comprising domestic wastes, vegeta-
ble wastes, waste papers, scrap metals, cans containing dif-
ferent chemicals, plastic containers, old rags, vehicle tyres,
scalpels and human wastes continue to litter the streets in
the area (Ikpe et al., 2022; Umoh & Etim, 2013). During
rainfall, some of these hazardous wastes find their ways into
the hydrogeological units in the area to cause groundwater
contamination, which pose serious challenges to human
health as well as other ecological services. George et al.
(2014) integrated geophysical, geochemical and hydrogeo-
logical measurements to assess the effect of leachates on
groundwater quality around the old dumpsite of this study
area. Their results showed that the effect of leachates was
more pronounced in the identified groundwater repositories
in close proximity to the dumpsite than farther away from it.
Recently, Ikpe et al. (2022) used the VES and electrical resis-
tivity tomography (ERT) techniques to appraise the protectiv-
ity of hydrogeological units in this study area. The results of
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their appraisal revealed that 75% of the study area has poor/
weak protectivity rating, 20% has moderate while only 5%
has good protectivity ratings respectively. The implication
of these findings is that the topmost cover layers of the study
area may be extremely vulnerable to surface or near surface
contaminants. This study was therefore necessary to map out
the high vulnerability zones in the area to help in the formula-
tion of an efficient groundwater development and exploration
scheme as well as proper waste disposal scheme in the area
by the appropriate agencies respectively.

Description of the study area and its brief
geology

This study was conducted in the raffia city of Ikot Ekpene
and its environs in southern Nigeria (Fig. 1). The area
lies between latitudes 5.072°-5.140° N and longitudes
7.390°-7.458° E respectively and covers an area of about
119 km?. The maximum elevation above mean sea level in
the area is 102 m in the northern part while the minimum
elevation is 54 m in the southern part. The city is accessible
by a network of roads and is one of the commercial busi-
ness hubs in Akwa Ibom state, southern Nigeria. The area
is drained by the inland coastal water and the vegetation is
of the rain forest type. Average annual rainfall in the area is
about 2007.9 mm (Isaiah et al., 2021).

Climatically, the raffia city of Ikot Ekpene is situated in
a region with a humid tropical climate and is characterized

by two seasons. These seasons are the dry season, which
spans from November to April and the rainy or wet season
(spanning from March to October) (). The prevailing wind
pattern in the area during the dry season is the Harmattan
winds from the north while the Monsoon winds from the
Atlantic Ocean prevail during the wet season (Vrbka et al.,
1999). Annual temperatures in the study area range from
20 °C in the wet or rainy season to about 35 °C in the dry
season (Ekanem, 2020; George et al., 2017, 2021).

In terms of geology, the raffia city of Ikot Ekpene is
situated in the Niger Delta province sitting directly on the
Gulf of Guinea on the Atlantic Ocean in Southern Nigeria.
The province is divided into three main stratigraphic units,
which are the Benin Formation, the Agbada Formation
and the Akata Formation at the base of the Delta (Obaje,
2009; Short & Stauble, 1967, Stacher, 1995) as illustrated
in the schematic diagram of Fig. 2. The Benin Formation
is the youngest and topmost part of the Niger Delta and
comprises Coastal Plain sands (CPS) ranging in sizes from
fine to coarse and gravels (Mbipom et al., 1996; Short &
Stauble, 1967). Groundwater abstraction in the raffia city
of Ikot Ekpene is done in the Coastal Plains of the Benin
Formation, which is characterized by pockets of intercala-
tions of clay, silts and sandstones at many locations (Rei-
jers et al. 1987). A multi-aquifer system is built up by the
alternating sand and clay sequence at some locations in
the study area (Edet & Okereke, 2002; Esu et al., 1999).

Fig.1 Map of a Nigeria o 8°00’ E 8°30’E
. . 7°30° E .
showing Akwa Ibom State in 5°30’N 5°30’ N
southern Nigeria. b Akwa Ibom S
State showing the study area, ¢ T s
study area showings its geology
and sounding stations (a) e BH3
SAGEE el V8
5°15’N Y 5°15'N
V2
BH1
\7? va e
B Ikot Ekpene o BH2 v/
V5
\ 2
500’ N |---—-—-{-t5F 7" 7 R 5°00’ N
Rolling sandy plain
Alluvial plain
=MkpatEnin hol g
4°45'N *lkot Abasi i g [codanihe
WV VES station
V20 VES station number
=Eastern Obolo W Swdyers
km
— )
4°30'N U : 2l 4°30'N

7°30°E

8°30'E
8°00’E

@ Springer



388 International Journal of Energy and Water Resources (2024) 8:385-404
Fig.2 A schematic diagram -

. ) £
showmg the gene.ral Stra. g z 2 E g
tigraphy of the Niger Delta, ) = <) o t o £
where the study area is located 20 p =} == 97 s

. < £ < = ES| &
(adapted from Obaje, 2009) 5 = e 5 =
=9 ] =
wv [
- Holocene
=
©
c
—_
7]
®
3 Pleistocene
o =
©
—
c
- g
. o =
Pliocene =3 7=
v < o
c o o
(7} k=4
oo g c
ol . 2| s
Z | Miocene < a
T
)
; =
Oligocene
z =
. £ o
= Eocene 3 2
- s a
(a2] =
) 2 =
2 =
)
o
&
©
(=
512 | «
(=} et c
Paleocene = = =
— 2 T
3 g =
Qo =
<

Materials and methods

Two sets of data were utilized in this study in conjunction
with the GIS-based DRASTIC model to assess groundwater
vulnerability in the raffia city of Ikot Ekpene and its envi-
rons. These datasets are the geophysical data acquired using
the electrical resistivity technique and the borehole geologi-
cal data. The electrical resistivity technique involved the use
of the Schlumberger electrode configuration to carry out ver-
tical electrical soundings (VES) in the study area. The resis-
tivity data acquired were interpreted using the WINRESIST
software program to get the first order geoelectric properties
of the layers penetrated by electric current. These properties
are resistivity, thickness and depth. The borehole lithological
logs from drilled boreholes in the study area were used as
controls in the identification of the various lithological and
hydrogeological units from the interpreted resistivity data.

@ Springer

VES data acquisition, analysis and interpretation

The IGIS signal enhancement resistivity meter SSP-MP-
ATS and its accessories was used to carry out a one-dimen-
sional (1D) electrical resistivity sounding in different loca-
tions in the raffia city of Ikot Ekpene and its environs as
shown in Fig. 1. The Schlumberger electrode configuration
was adopted in the field survey as in Bello et al (2010),
Udoh et al. (2015), George et al., (2014, 2017, 2018, 2021),
Thomas et al. (2020), Ekanem et al. (2021) etc.. This con-
figuration comprises two current electrodes A and B, used
to inject a well-defined electric current into the subsurface
and two potential electrodes M and N to detect the resulting
potential difference respectively. The four electrodes were
planted on the earth surface on a straight line. The resistivity
meter gave the apparent resistance of the earth layers as its
LCD displayed output in ohms (€2). The current electrode



International Journal of Energy and Water Resources (2024) 8:385-404

389

separation AB was gradually increased about the centre of
the sounding for deeper current penetration while the poten-
tial electrode separation MN was also occasionally increased
(Ekanem et al., 2020; George et al., 2018, 2020; Thomas
et al., 2020). Maximum AB in this study was 400 m while
maximum MN was 20 m. In all the sounding stations occu-
pied, it was ensured that the electrode spacing was such that
AB/2>5 MN/2 in line with the potential gradient assump-
tion (Dobrin & Savit, 1988). Three of the soundings were
made close to three water boreholes in the area as shown
in Fig. 1 where the borehole lithological logs were used to
constrain the VES data interpretation during the computer
modelling stage. The logs were used to constrain the initial
layer thicknesses and depths during the modelling stage and
also aided in the delineation of the various lithological and
hydrogeological units in the area from the final modelling
curves.

First, the raw apparent resistance (R,) measured in the
field was converted into apparent resistivity p, by the use
of Eq. (1):

— (%R (1)

The values of the apparent resistivity calculated for each
of the VES locations were then plotted against half of the
current electrode separations (AB/2) on a bi-logarithmic
scale to produce the VES sounding curves. The curves
were manually smoothened to remove any spurious signa-
ture, which will likely lead to high root mean square errors
(RMSE) during the computer-aided stage of the data inter-
pretation (Chakravarthi et al., 2007; Ekanem, 2021, 2022;
George et al., 2017). Any variations in the resulting smooth-
ened curves were strictly attributed to the vertical resistivity
distribution in the subsurface. Partial curve matching was
done on the smoothened curves to generate the initial thick-
nesses and resistivities of the layers (Zohdy et al., 1974).
These initial parameters were then used as inputs in the
computer-aided interpretation carried out using the WIN-
RESIST computer software program with the borehole litho-
logical logs as controls. The computer software calculates
a theoretical model using the initial layer parameters and
establishes a match with the field data to give the final VES
curves. The goodness of the match is provided by the root
mean square errors. The final 1D resistivity model curves
allow the true thickness, resistivity and depth of the various
litho units to be determined. Samples of final VES curves
and their correlations with the available lithological logs are
shown in Fig. 3. The results of VES interpretations correlate
fairly well with the borehole lithological logs, even though
the inferred depths of the layers are a bit at variance with the

depths from the logs. This is possible because there may not
be a perfect coincidence of geologic section and geoelectric
sections (Bello et al., 2010).

Drastic model for groundwater vulnerability
assessment

DRASTIC is an acronym for Depth (D), Net recharge (R),
aquifer media (A), soil media (S), topography (T), impact of
the vadose zone (I) and hydraulic conductivity of the aqui-
fer (C). These seven parameters are combined to have the
DRASTIC model. DRASTIC model was developed by the
US Environmental Protection Agency (Aller et al., 1987;
US EPA, 1994) and is a widely used model for groundwater
vulnerability assessment (Awawdeh & Jaradat, 2010; Bar-
bulescu, 2020). Each of the seven parameters is assigned a
weight (W), which ranges from 1 to 5 depending on its level
of severity on groundwater vulnerability (Aller et al., 1987).
The weight of 5 is assigned to the most severe parameters
while 1 is assigned to the least severe ones. The weights of
the parameters according to Aller et al. (1987) and Barres-
Lallemend (1994) are summarized in Table 1. Again, each
of the seven parameters is divided into classes, which are
characterized as ranges. Each range is assigned a rating (r)
from 1 to 10 as shown in Table 1. The rating 10 is attrib-
uted to the parameter with highest impact on groundwater
vulnerability while 1 is assigned to the parameter with the
least impact on groundwater vulnerability. The DRACTIC
index is calculated by the use of Eq. (2) (Knox et al., 1993).

DRASTIC Index = DDy, + R.Ry + A Ay + S, Sy
+T,Ty + 1Ly + C.Cy )

The index is used to rate the groundwater vulnerability
according to the modified classification of Aller et al. (1987)
and Amiri et al. (2020) given in Table 2. The higher the
DRASTIC index, the more the groundwater vulnerability
potential and vice versa.

Results and discussion
VES data interpretation results

The results of the VES data interpretation reveal 3 to 4 geo-
electric layers with their corresponding resistivities, thick-
nesses and depths as summarized in Table 3. The lithology
of the geoelectric layers was interpreted from the resistivity
distribution pattern constrained by the geological borehole
lithological data from the available boreholes in the area.
The topmost layer (layer 1) was interpreted as the motley
topsoil and has resistivity values ranging from 157.3 to
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Fig.3 Sample interpreted VES curves a VES 4—Utu Ikpe, b VES
7—Utu Uyo Road, ¢ VES 12—AKWAPOLY, d VES 20 Library Ave-
nue. The inserted legends show correlations of borehole lithological

1278.2 Q@m and thickness of 0.6 to 19.2 m. The high vari-
ability in the resistivity observed in this motley topsoil may
be attributed to the false nature of the layer in addition to
the ongoing bioturbating activities in the layer (Ekanem
et al., 2021; George et al., 2016a). The motley topsoil is
underlain by the second layer whose resistivity values vary
between 31.8 to 2648.10 Qm and thickness between 7.6 and
80.9 m. This layer was interpreted as sandy clay at some
locations and fine/graded sands at some other locations. The
high variability in the resistivity observed in this layer may
again be the results of the variability in grain sizes of the
geomaterials of the layer, which characterizes the Coastal
Plain sands of the Niger Delta province (Ekanem, 2021;
Mbipom et al., 1996). The third layer, which occurs at a
depth of 9.0 to 86.6 m has a resistivity range of 214.4 to
2839.0 Qm. Based on the resistivity variation pattern and
information from the available borehole lithological logs in
the area, this layer constitutes the major exploitable hydro-
geological units (aquifers) in the study area. The layer was
interpreted as fine/coarse sands/sandy clay at some locations
and gravelly sands at other locations as constrained by the
borehole lithological logs and hence exhibits a wide range of
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logs with the VES results at VESs 4, 7 and 20. The results of VES
interpretations correlate fairly well with the borehole lithological logs

resistivity variation as observed. The aquifer properties are
summarized in Table 4. The aquifers are devoid of confining
impermeable layers and are therefore generally unconfined.
The fourth and of course the last geoelectric layer identified
and interpreted as fine sands at some locations (VESs 1, 4,
5, 8, 18 and 20) and sandy clay at other locations (VESs 11,
12 and 17) has resistivity values ranging from 45.0 to 865.4
Qm. The maximum current electrode separations of 400 m
could not enable the injected current to penetrate to the bot-
tom of this last layer and hence its thickness and depth could
not be ascertained. These interpretations are similar to those
of George et al. (2014) and Ikpe et al. (2022) in the study
area. The factors, which might affect the resistivity results
in this study, are density, shape, size, pore size and porosity,
lithology, water content, clay content, and salinity.

Results of groundwater vulnerability assessment

Depth to water table the depth to the water table was esti-
mated from the VES interpretation results and ranges from
9.0 to 86.6 m (Fig. 4a). The deeper the water table, the less
vulnerable groundwater is to surface contaminants and vice
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Table 1 Ranges, ratings and weight of DRASTIC factors (Aller et al., 1987; Barres-Lallemend, 1994)

Hydraulic conductivity (m/s)

Impact of vadose zone

Topography

Soil media

Depth of water (m) Aquifer media

Interval

R W

Interval

Interval R W

R W

Interval

R W

R W Interval

Interval

10
8

>94x10™

5

10
10

Thin or absent

1

0-5 10

10

Thin or absent

3

2

Metamorphic/Igneous 3

Massive shale
Weathered
Glacial Till

5

10
9

7
5

<20

47x10%-9.4x10-*

Gravel
Sand

10

Gravel
Sand

20-40
40-60
60-80

329%x107°-47x10* 6

5-15

14.7x10%-32.9% 1075 4
47x1075-14.7%x 107

Laterite/peat

Laterite/peat

2

7

Shrinking and/aggregated

6

15-25

7

Shrinking and/aggregated

clay

6

Bedded Sandstones

80-100 3

clay

Sandy Loam

Sandy Loam

Limestone and Shale

100-120 2
> 120

1

47x107-4.7x107°

Loam

4

25-35

5

Loam

Sequences

1

Silty Loam

Silty Loam

6
6
8

Massive Sandstone

Clay Loam
Muck

1

>35

Clay Loam
Muck

Massive Limestone

Sand and Gravel

Basalt

1

Nonshrinky and Nonaggre-

1

Nonshrinky and nonaggre-

gated clay

gated clay

Karst Limestone

Table2 DRASTIC Index and Vulnerability Class (modified from
Aller et al., 1987, Amiri et al., 2020)

DRASTIC Index (DI) Vulnerability Class
1-100 Low

101 - 175 Moderate

176 — 200 High

>200 Very high

versa (Amiri et al., 2020; George, 2021). The depth rating
varies from 3 to 10 as shown in Fig. 4b. Majority of the
study area is characterized by depth rating of greater than 5,
which implies that the area is highly susceptible to ground-
water pollution or contamination by surface contaminants.
On the whole, the image map of Fig. 4 shows that pockets
of highest groundwater vulnerability zones occur around
Umuahia Road, Progress road, Ikpon road, Utu Ikpe com-
munity and Akwapoly.

Net recharge R this is the total amount of water from rain-
fall and other artificial sources that can percolate down to
the water table. Net recharge constitutes the most important
channel through which surface contaminants can enter into
the aquifer to contaminate groundwater and is consequently
positively linked with the vulnerability rating (Abdullahi,
2009; Shirazi et al., 2013). Rainfall constitutes the main
source of groundwater recharge in the study area. In the
absence of net recharge data in the area, the formulation of
Piscopo (2001) was used to compute the net recharge value
via the use of Eq. (3).

Recharge value = SF + RF + SPF 3

where SF is the slope factor, RF' is the rainfall factor (mm)
and SPF is the soil permeability factor. The average annual
rainfall in the study area is about 2007.9 mm (Isaiah et al.,
2021). The slope (in %) in the study area was obtained from
the ASTER digital elevation model (DEM) via the use of
ArcGIS 10.5. The DEM and slope obtained are given in
Fig. 5a, b respectively. The soil hydraulic conductivity K
was estimated in this study by the use of the empirical for-
mula derived by Ekanem et al. (2020) for the area given by

Eq. (4).
K =139.12p, %7 )

where p,, is soil layer bulk resistivity. The soil permeability
K, was computed from the soil hydraulic conductivity via
the use of Eq. (5).

K
K =t
Pé.e

&)

where §,, is water density (1000 kg/m®), g is acceleration
due to gravity (9.8 m/s?) and p, is the dynamic viscosity of
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Table 3 Summary of VES data interpretation results

VES No Location Longitude Latitude (Degrees) No. of Layers Resistivity (Qm) Thickness (m) Depth (m) Lithology
(Degrees)

1 Utu Ikpe 1 7.7038 5.1644 4 1190.2 2.6 2.6 Coarse sand
248.6 8.5 11.1 Sandy clay
1750.8 49.2 60.3 Gravelly sand
418.7 Fine sand

2 Utu Ikpe 2 7.7031 5.1656 3 1278.2 5.6 5.6 Coarse sand
639.4 56.7 62.3 Fine sand
1621.6 Gravelly sand

3 Utu Ikpe 3 7.7053 5.1631 3 430.7 1.1 1.1 Fine sand
2283.3 60.4 61.5 Gravelly sand
851.2 Coarse sand

4 Utu Ikpe near Palace 7.7078 5.1598 4 418.4 0.9 0.9 Coarse sand
1062.4 23.8 24.7 Coarse sand
2839.0 45.6 70.3 Gravelly sand
865.4 Fine sand

5 Abiakpo Edem Idim 7.7033 5.1491 4 1028.8 0.6 0.6 Coarse sand
339.2 10.4 11.0 Sandy clay
21294 54.0 65.0 Gravelly sand
760.3 Fine sand

6 Ibiakpan Nto Akan 7.7400 5.1615 3 193.5 1.6 1.6 Sandy clay
831.7 64.4 66.0 Fine sand
1341.6 Coarse sand

7 Utu Uyo Road 7.7442 5.1568 3 1131.8 2.1 2.1 Coarse sand
2004.7 61.0 63.1 Gravelly sand
1097.0 Coarse sand

8 Ikpon Road 7.7292 5.1767 4 590.7 1.3 1.3 Fine sand
149.2 11.1 12.4 Clay
2478.6 61.4 73.8 Gravelly sand
827.9 Fine sand

9 Abiakpo Ntak Inyang ~ 7.6667 5.1652 3 487.8 2.1 2.1 Fine sand
1021.5 53.5 55.6 Coarse sand
2632.2 Gravelly sand

10 Akwa Poly 1 7.6672 5.1588 3 334.0 19.2 19.2 Sandy clay
89.6 67.4 86.6 Clay
214.4 Sandy clay

11 Akwa Poly 2 7.6706 5.1539 4 590.8 55 55 Fine sand
72.1 16.7 22.2 Clay
722.9 45.2 67.4 Fine sand
83.3 Clay

12 Akwa Poly 3 7.6708 5.1556 4 377.0 0.8 0.8 Sandy clay
31.8 8.6 94 Clay
265.7 57.9 67.3 Sandy clay
45.0 Clay

13 Ikot Ekpene Housing,  7.6914 5.1832 3 441.5 3.6 3.6 Fine sand

Ifuho

1848.3 63.4 67.0 Coarse sand
2405.8 Gravelly sand

14 Ifuho 1 7.6900 5.1831 3 473.4 2.0 2.0 Fine sand
79.4 52.3 54.3 Clay
445.7 Fine sand
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Table 3 (continued)

VES No Location

Longitude Latitude (Degrees) No. of Layers Resistivity (Qm) Thickness (m) Depth (m) Lithology

(Degrees)

15 Ifuho2 7.6844 5.1827 3 170.7 1.7 1.7 Sandy clay
925.1 68.1 69.8 Fine sand
1959.4 Gravelly sand

16 Ibong Ikot Akan 7.6775 5.1866 3 228.5 6.1 6.1 Sandy clay
2111.6 49.3 55.4 Gravelly sand
434.5 Fine sand

17 Ibong Road 7.6792 5.1908 4 431.9 14 14 Fine sand
40.6 14.6 16.0 Clay
375.5 47.5 63.5 Fine sand
75.6 Clay

18 Umuahia Road 7.6992 5.2024 4 224.4 2.1 2.1 Sandy clay
59.1 8.4 10.5 Clay
1264.5 59.9 70.4 Coarse sand
3249 Sandy clay

19 Ikono Road 7.7117 5.1981 3 207.4 4.5 4.5 Sandy clay
2648.1 80.9 854 Gravelly sand
1506.3 Coarse sand

20 Progress Road 7.7069 5.1794 4 157.3 1.4 1.4 Sandy clay
66.8 7.6 9.0 Clay
1196.1 75.7 84.7 Coarse sand
379.0 Sandy clay

water, which was taken as 0.0014 kg/ms (Fetter, 1994). The
computed values of K}, range between 1276.1 to 5865.2 mD.
Accordingly, the slope, average annual rainfall and the soil
permeability factors were rated according to the data given
in Table 5. The rainfall factor was given a fixed value rating
of 4 while the slope and soil permeability factors were rated
from 1 to 4 respectively (Fig. 6). These ratings were stacked
according to Eq. (3) to obtain the net recharge values for
each of the sounding stations, which vary between 6 and 11
(Fig. 7a). Figure 7 indicates that relatively lower net recharge
occurs in the southern part of the study area around Utu Ikpe
community (Fig. 7a), which also corresponds to the area
with lowest slope and soil permeability ratings shown in
Fig. 6. The net recharge values were then reclassified based
on the information in Table 5. The ratings of the net recharge
values in the study area range from 3 to 10 as depicted in
Fig. 7b. The least rating of 3—4 occurs in the southern part
of the study area. Figure 8a, b respectively show the image
maps of the DRASTIC depth and net recharge indices
obtained from the multiplication of their respective ratings
and weights. The depth index is least at pockets of locations
in the northern part and near Akwapoly in the south western
part of the study area while the net recharge index is least
in the southern part and also near Akwapoly in Ikot Osurua
community.

Aquifer media these refer to the geomaterials that con-
stitute the aquifer. The permeability of the aquifer media,
determined by the grains size of the aquifer materials (Eka-
nem et al., 2021) controls the attenuation of contaminants
(Amiri et al., 2020; Venkatesan et al., 2019). Higher perme-
ability aquifer geomaterials will lead to lower contaminants
attenuation capacity and hence high vulnerability potential
(Neh et al., 2015; Jaseela et al., 2016; Venkatesan et al.,
2019; Amiri et al., 2020). In this study, the aquifer media
were obtained from the VES data interpretation as con-
strained by the geological borehole lithological logs. The
aquifer media comprise fine/coarse sands/sandy clay at some
locations and gravelly sands at other locations. The sandy
clay aquifer material was assigned a fixed rating of 3 while
the sands and gravel were given a fixed rating of 8 according
to Table 1. The weighting of aquifer media is 3 (Table 1).
The image map of Fig. 9a shows the aquifer media index in
the study area, which ranges from 9 to 24. The entire study
area is characterised by high aquifer media index of greater
than 13 except at a small spot around Akwapoly.

Soil media these refer to the topmost weathered part of
the earth surface, where there are continuous bioturbating
activities. Soil media greatly affect the quantity of rainfall
recharge percolating down to the water table and the flow
of contaminants (Jaseela et al., 2016; Amiri et al., 2020;
George, 2021). Soils comprising gravel, sand and gravelly
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Table 4 Summary of aquifer properties for the sounding locations

VES No Location

Longitude Latitude
(Degrees) (Degrees)

Aquifer layer

Resistivity (@m) Thickness (m) Water table (m) Lithology

1 Utu Ikpe 1 7.7038 5.1644 3 1750.8 49.2 11.1 Gravelly sand
2 Utu Ikpe 2 7.7031 5.1656 3 1621.6 - 62.3 Gravelly sand
3 Utu Ikpe 3 7.7053 5.1631 3 851.2 - 61.5 Gravelly sand
4 Utu Ikpe near 7.7078 5.1598 3 2839.0 45.6 24.7 Gravelly sand
Palace
5 Abiakpo Edem 7.7033 5.1491 3 2129.4 54.0 11.0 Gravelly sand
Idim
6 Ibiakpan Nto 7.7400 5.1615 3 1341.6 - 66.0 Coarse sand
Akan
7 Utu Uyo Road 7.7442 5.1568 3 1097.0 - 63.1 Coarse sand
8 Ikpon Road 7.7292 5.1767 3 2478.6 61.4 12.4 Gravelly sand
9 Abiakpo Ntak 7.6667 5.1652 3 2632.2 - 55.6 Gravelly sand
Inyang
10 Akwa Poly 1 7.6672 5.1588 3 214.4 - 86.6 Sandy clay
11 Akwa Poly 2 7.6706 5.1539 3 722.9 452 222 Fine sand
12 Akwa Poly 3 7.6708 5.1556 3 265.7 57.9 9.4 Sandy clay
13 Ikot Ekpene Hous- 7.6914 5.1832 3 2405.8 - 67.0 Gravelly sand
ing, Ifuho
14 Ifuho 1 7.6900 5.1831 3 445.7 - 54.3 Fine sand
15 Ifuho 2 7.6844 5.1827 3 1959.4 - 69.8 Gravelly sand
16 Ibong Ikot Akan  7.6775 5.1866 3 434.5 - 554 Fine sand
17 Ibong Road 7.6792 5.1908 3 375.5 47.5 16.0 Fine sand
18 Umuahia Road 7.6992 5.2024 3 1264.5 59.9 10.5 Coarse sand
19 Ikono Road 7.7117 5.1981 3 1506.3 - 854 Coarse sand
20 Progress Road 7.7069 5.1794 3 1196.1 75.7 9.0 Coarse sand
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Fig.4 Distribution of depth to water table (a) and depth rating (b) in the study area

sands are very pervious and thus, any underlying hydrogeo-
logical units are more susceptible to contamination. Like the
aquifer media, soil media were obtained from the borehole
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lithologically constrained VES data interpretation results.
The soil media comprise mostly sands (fine and coarse
sands) and pockets of sandy clay at some locations. This
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Fig.6 Net recharge estimation: a slope rating, b soil permeability rating

parameter was thus assigned ratings of 3 for the sandy clay
soil and 9 for the fine/coarse sands according to Table 1. Fig-
ure 9b shows the soil media index in the study area, which

varies between 6 and 18. About 70% of the study area is
characterised by high soil media index of greater than 9
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Fig.8 Image maps of a Depth index, b net recharge index in the study area

with pockets of low index (6-9) scattered around the area
as shown in Fig. 9b.

Topography this refers to the slope of the earth (land)
surface. Runoff water (rainwater) will remain or flow very
slowly in areas with low slope, thus allowing the percolation
of contaminants to the water table. Consequently, areas with
lower slopes tend to be more susceptible to contamination
depending on the nature of the soil media. The slope (in
%) in the study area was obtained from the ASTER digital
elevation model (DEM) by the use of ArcGIS 10.5 and was
assigned ratings from 1 to 10 based on Table 1. Figure 10a
shows the image map of the Topography index in the study
area. Figure 10a shows that the area is characterized by high

@ Springer

topography index of between 4 and 10 except for a pocket
of low indices in the southern part of the area. The implica-
tion of this is a slow flow rate of runoff water in majority
of the study area, which will enhance easy percolation of
contaminants to the water table and thus high groundwater
vulnerability.

Impact of vadose zone the vadose zone is the unsaturated
layer that overlies the water table. This zone is particularly
crucial in the percolation of rainwater into the aquifer layer
(Aller et al., 1987). The vadose zone may pose a tremen-
dous impact on flow of contaminated fluid if it is made
up of pervious or permeable materials such as sands and
gravels. The geomaterials of the vadose zone in this study
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Fig. 9 Image maps of a Aquifer media index, b Soil media index in the study area
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Fig. 10 Image maps of a Topography index, b Vadose zone index in the study area

were deciphered from the geological borehole lithologically
constrained VES interpretation and comprise mainly sands
(fine, coarse and gravelly) and sandy clay. This parameter
was assigned ratings of 3 for the sandy clay, 7 for fine/coarse
sands and 9 for gravelly sands according to Table 1. The
weight of the parameter is 5 (Table 1). The vadose zone
index in the study area ranges from 15 to 45 and is distrib-
uted as shown in the image map of Fig. 10(b), which is an
indication that the study area is highly vulnerable to surface
contaminants. Majority of the communities in the area is
characterized by indexes of between 24 and 30 with pockets
of very high indexes of between 31 and 45 and fairly low
indexes of 15 to 23 distributed as illustrated in Fig. 10b. The

very high indexes correspondingly imply very high flow rate
of contaminants to the water table and hence high ground-
water vulnerability.

Hydraulic conductivity this is an essential property,
which determines the flow rate of groundwater and hence
contaminants through an aquifer. It was estimated in this
study by the use Eq. (4) and ranges from 4.9x 107° to
3.2x 107 m/s. This range of hydraulic conductivity is
consistent with the range provided by Shamsuddin et al.
(2018), George et al. (2021) and George (2021) for fine to
gravelly sand aquifers. The weight of this parameter is 3
and the parameter values were assigned ratings from 1 to
6 based on Table 1. The high variability of the hydraulic
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conductivity is indicative of the high variability in the
grain size of the geomaterial constituents of the aquifer
units in the area (Ekanem, 2022; Ikpe et al., 2022). The
hydraulic conductivity index in the study area varies from
3 to 18. The distribution of these indexes is shown in
Fig. 11a. Low indexes of 1-7 are obtained in some loca-
tions in the north western and south western parts of the
study area while the remaining parts are characterized by
high indexes of 8—18. These areas with high indexes are
associated with high groundwater vulnerability.
DRASTIC index (DI) and Groundwater vulnerabil-
ity rating (GVR) the seven parameters discussed above
were summed up according to Eq. 2 to obtain the drastic
index for each of the sounding locations as summarized
in Table 6. The index varies from 91 to 211 and its dis-
tribution in the study area is shown in Fig. 11b. The final
groundwater vulnerability rating map was obtained from
the combination of the seven DRASTIC model param-
eters for all the VES locations by the use of ArcGIS 10.5
(Figs. 12 and 13). The values of the DRASTIC index were
reclassified based on the data in Table 2 to have three
classes of vulnerability rating. These classes are respec-
tively low (DI=91), moderate (DI=149-172) and high
(DI=182-211) as shown in Fig. 12 a and b. Analysis of
the GVR results shows that about 75% of the study area
has high GVR while about 20% has moderate GVR and the
remaining 5% has low GVR respectively (Fig. 12b). The
greater percentage of moderate/high vulnerability zone in
the area may be attributed to lower slope terrains in the
zone coupled with the high permeable sands of the aqui-
fer overlying layers, which facilitate rapid permeation of

Sensitivity analysis of the DRASTIC model

Sensitivity analysis was carried out on the DRASTIC model
results to examine the influence of the ratings and weights
assigned to each of the input parameters on the final model
results. This was particularly necessary because of the sub-
jectivity in the assignment of ratings and weights to the input
parameters of the model (Gogu & Dassargues, 2000b; Chit-
sazan and Akhtari, 2008). The analysis was carried out by
the use of two approaches. These approaches are the single
parameter removal and the map removal approaches respec-
tively. The single parameter removal approach examines the
contribution of each of the input parameters to the final vul-
nerability index (Napolitano & Fabbri, 1996). The approach
compares the theoretical assigned weights with the effective
weights W (in %) computed from Eq. (6) (Napolitano &
Fabbri, 1996).

B (P.xP,)

x 100

= Q)
where P, is the rating value, P,, is the theoretical assigned
weight and V is the unperturbed vulnerability index. The
map removal sensitivity analysis on the other hand tests the
influence of removing each parameter or group of param-
eters on the final calculated vulnerability index (Lodwick
et al., 1990; Napolitano & Fabbri, 1996). The variation index
(in %), which expresses the amount of variation caused by
the removal of one or more parameters, was computed by
the use of Eq. (7) (Napolitano & Fabbri, 1996).
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Fig. 11 Image maps of a Hydraulic conductivity index, b DRASTIC index in the study area
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Table 6 Calculated DRASTIC index (DI) and groundwater vulnerability rating (GVR) in the study area

VES No  Parameter D R A S T 1 C DI GVR
Weight 5 4 3 2 1 5 3
VES Location D, DDy R, RRy A AAy S, SSy T, TTy I Ily C, CCy

1 Utu Ikpe 1 10 50 5 20 8 24 9 18 6 6 3 15 4 12 180 High

2 Utu Ikpe 2 5 25 5 20 8 24 9 18 6 6 7 35 4 12 179 High

3 Utu Ikpe 3 5 25 5 20 8 24 9 18 6 6 9 45 2 6 183 High

4 Utu Ikpe 4 9 45 5 20 8 24 9 18 6 6 7 3 6 18 207 High

5 Abiakpo Edem Idim 10 50 3 12 8 24 9 18 1 1 3 15 6 18 168 Moderate
6 Ibiakpan Nto Akan 5 25 8 32 8 24 3 6 8§ 8 7 3 6 18 188 High

7 Utu Uyo Road 5 25 5 20 8 24 9 18 8§ 8 9 45 6 18 203 High

8 Ikpon Road 10 50 8§ 32 8 24 9 18 10 10 3 15 6 18 211 High

9 Abiakpo Ntak Inyang 7 35 5 20 8 24 9 18 8 8 7 35 6 18 201 High

10 Akwa Poly P1 3 15 5 20 39 3 6 4 4 3 15 1 3 91  low

11 Akwa Poly P2 9 45 8 32 8 24 9 18 10 10 3 15 1 3 186 High

12 Akwa Poly P3 10 50 8§ 32 39 3 6 8§ 8 3 15 1 3 149 Moderate
13 Housing Ifuho 5 25 8§ 32 8§ 24 9 18 8 8 7 3 2 6 190 High

14 Ifuho 1 7 35 10 40 8§ 24 9 18 8 8 3 15 1 3 182 High

15 Ifuho 2 5 25 8 32 8 24 3 6 8 8 7 3 2 6 172 Moderate
16 Ibong Ikot Akan 7 35 8 32 8 24 3 6 8§ 8 9 45 1 3 190 High

17 Ibong Road 10 50 5 20 8§ 24 9 18 8 8 3 15 1 3 172 Moderate
18 Umuahia Road 10 50 8§ 32 8§ 24 3 6 8 8 3 15 6 18 189 High

19 Ikono Road 3 15 8 32 8 24 3 6 8 8 9 45 6 18 190 High

20 Progress Road 10 50 8 32 8 24 3 6 8 8 3 15 6 18 189 High

N
A (a) Vuln:bli:vtvy rating (b)
| moderate
I high
£l m High
5 M Moderate

u low

5°10'0"N

5°8'0"N
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Fig. 12 Groundwater vulnerability assessment result in the study area a Vulnerability rating map, b Percentages of the three classes of vulner-
ability rating

where VI, is the variation index due to removal of param- (Amiri et al., 2020; Gogu & Dassargues, 2000b; Khakhar
eter i and V; is the perturbed vulnerability indices after the et al., 2017).

removal of parameter i. Both approaches have been success- Table 7 shows the statistical summary of the DRASTIC
fully applied in the sensitivity analysis of DRASTIC model  parameters used for the computation of the final DRASTIC
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Fig. 13 Bar chart showing the 250
groundwater vulnerability rat-
ings (GWR) of the VES stations
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Table 7 Statistical summary of D R A S T I} C
the DRASTIC parameters
Minimum 3.0 3.0 3.0 3.0 1.0 3.0 1.0
Maximum 10.0 10.0 8.0 9.0 10.0 9.0 6.0
Mean 7.3 6.7 7.5 6.6 7.3 5.4 3.7
standard deviation 2.6 1.8 1.5 3.0 2.0 2.6 2.3
Coefficient of variation  35.5 27.7 20.5 45.7 279 47.5 62.1

CV (%)

Table 8 Statistics of single parameter removal sensitivity analysis

Parameters removed Mean vari-
ation index
(%)

D (depth) 20.2

R (recharge 18.7

A (aquifer media) 16.5

S (soil media) 10.9

T (topography) 8.0

I (impact of vadose zone) 17.8

C (aquifer hydraulic conductivity) 7.9

index. The mean values express the contamination risk by
each of the parameters. The aquifer media poses the highest
risk to groundwater contamination with a mean value of 7.5.
This is followed by the depth to water table and topogra-
phy (with a mean value of 7.3 each), the recharge parameter
(mean value of 6.7), soil media (mean value of 6.6, impact
of vadose zone (mean value 5.4) and aquifer hydraulic con-
ductivity with a mean value of 3.7. The coefficient of vari-
ation (CV in %) expresses the contribution of each of the
parameters to the overall vulnerability index variation. From
Table 8, the aquifer hydraulic conductivity causes the high-
est variation in the vulnerability index (CV =62.1%) while
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the least variation is from the aquifer media (CV =20.5%).
Table 8 shows the results of the single parameter removal
sensitivity analysis. The parameters all have variation index
values of greater than unity, which implies that remov-
ing one parameter decreases the vulnerability index. The
removed parameter in this case has a higher contribution
to the computed vulnerability index. From Table 8, the
highest variation occurs when the depth to the water table
is removed (mean variation of 20.2%) followed by the net
recharge (mean variation of 18.7%). A possible explanation
for this is the high theoretical weights of 5 and 4 and the high
ratings of 3 to 10 assigned to these parameters respectively.
The variation of vulnerability is also sensitive to the removal
of the vadose zone, aquifer media, soil media and aquifer
hydraulic conductivity as Table 8 shows. The least variation
occurs when the aquifer hydraulic conductivity parameter
is removed (mean variation of 7.9%) probably due to the
weight of 3 assigned to this parameter and the ratings of 1-6.
Table 9 shows the vulnerability index variation caused by
the removal of one or more input parameters at a time. The
parameters’ removals were done in the order of increasing
influence on the final vulnerability index based on the results
of Table 8. The results presented in Table 9 is similar that
of Table 8 with depth, net recharge and vadose zone hav-
ing higher influence on the vulnerability index than the soil
media, slope and aquifer hydraulic conductivity parameters.
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Table 9 Statistics of map

e . Parameters used Mean vari-
removal sensitivity analysis

ation index

(%)
DRASTI 7.9
DRASI 16.0
DRAI 28.9
DRI 43.3
DR 61.1
D 79.8

The mean values show that the vulnerability index variation
increases as more input parameters are removed. This may
be caused by the theoretical weights assigned to the vari-
ous parameters; weaker representation of the layers com-
pared to the site conditions and of course variations of the
individual parameter within the study area (Khakhar et al.,
2017). Using fewer input parameters in the DRASTIC model
produces higher variations in the final vulnerability index,
which is consistent with the results of Khakhar et al. (2017).
This is an indication that all the DRASTIC parameters are
vital in the computation of the vulnerability index. Table 10
shows the results of the single parameter sensitivity analysis.
The results show that depth, net recharge, vadose zone and
aquifer media constitute the most important parameters in
the calculation of the final vulnerability index in this study.
This also agrees with the results of the map removal sensi-
tivity analysis.

Conclusion

The DRASTIC model and GIS techniques were employed
in this study to assess groundwater vulnerability in Ikot
Ekpene municipality and its environs, in southern Nige-
ria. Twenty vertical electrical soundings were undertaken
at select locations in the study area. The result of the
geological borehole lithologically constrained VES data
interpretation shows that the study area is made up of
3—4 sandy layers (fine, coarse, gravels and sandy clay).

The third layer constitutes the economically exploitable
hydrogeological unit in the area and occurs at a depth of
9.0-86.6 m. These findings are consistent with the results
of George et al. (2014) and Ikpe et al. (2022) who used
similar approach in investigating the surface characteris-
tics in the area. Seven environmental parameters, which
are depth to the water table, net recharge, aquifer media,
topography, impact of vadose zone and hydraulic conduc-
tivity were used in the DRASTIC model. All the param-
eters, except topography were determined from the VES
data interpretation results. This has the advantage of being
cost effective cost and environmentally friendly as these
parameters could be obtained swiftly from surface meas-
urements without the need to drill any borehole (Ekanem
et al., 2020; George et al., 2014, 2017, 2018; Ikpe et al.,
2022; Thomas et al., 2020). Topography was determined
from the ASTER digital elevation model (DEM) through
the use of ArcGIS 10.5. The result of the quantile clas-
sification of the ArcGIS 10.5 shows that about 75% of the
study area falls under high GVR zone, about 20% falls
under moderate GVR zone while the remaining 5% falls
under low GVR zone respectively. The higher percentage
of the area adjudged to have moderate/high GVR may be
due to the lower slope terrains in the area, which comprises
mostly high permeable sandy shallow layers overlying the
water table. Consequently, this part of the study area expe-
riences easy and rapid infiltration of surface contaminants
to the groundwater due to the absence of adequate imper-
meable protecting layers. Statistical analysis of the DRAS-
TIC index results shows that the aquifer media poses the
greatest risk to groundwater contamination, followed by
depth to water table and topography. Least risk is from the
aquifer hydraulic conductivity, which is shown to contrib-
ute the highest variation to the final computed DRASTIC
index. The aquifer media contributes least variation to the
final index. The results of the single parameter removal
and the map removal sensitivity analysis indicate that final
DRASTIC index is sensitive to all the parameters with
the depth, net recharge, vadose zone and aquifer media
constituting most important parameters. Areas with high
DRASTIC index correspond to high vulnerability potential

Table 10 Statistics of single

e g Parameter Theoretical Theoretical Effective weight (%)
parameter sensitivity analysis weight weight (%) — '
Mean Minimum Maximum sd
D 5 21.7 25.3 8.3 48.1 11.1
R 4 17.4 18.2 9.8 30.8 5.7
A 3 13.0 15.0 8.7 19.5 2.5
S 2 8.7 8.9 33 14.6 39
T 1 4.3 4.9 0.8 7.7 14
| 5 21.7 17.6 9.0 28.1 6.5
C 3 13.0 7.2 1.9 14.6 4.3
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and the aquifers in these areas are poorly/weakly protected
against surface or near surface contaminants.

The high groundwater vulnerability zones, which con-
stitute 75% of the study area, have been demarcated in the
vulnerability rating map generated. The demarcated zones
strikingly coincide with the zones identified as having poor/
weak aquifer protection by Ikpe et al. (2022). The aquifers
in these demarcated zones suffer inadequate protection from
surface or near surface contaminants. Consequently, the
water quality from boreholes drilled in these zones may not
be guaranteed and this poses great risk to human health and
ecological services in the area. The vulnerability rating map
no doubt provides information that may help managers, local
government planners and supervisory administrations such
as the Akwa Ibom State water corporation in deciding where
to site boreholes in the area. The Akwa Ibom state envi-
ronmental agency should ensure the construction of proper
drainage and sewer systems in the study area for proper
waste disposal possibly into the ravine area, where there are
not residences and water boreholes. A comprehensive waste
management plan should be instituted for the inhabitants of
the area to follow on daily waste disposal to safeguard the
already contaminant-prone aquifers in the area. A ‘no dump-
ing of solid waste policy along the road/street’ should be
enforced by appropriate authorities in the area. Although the
groundwater vulnerability map can be used as a primary tool
in identifying zones that are highly vulnerable to contami-
nation, it cannot substitute the site-level hydrogeological
investigations. Further studies involving hydrogeochemical
and microbiological analyses of groundwater samples col-
lected from available boreholes in the area to ascertain the
groundwater quality are recommended to firm up the find-
ings of this study.
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