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ABSTRACT: Ikot Ekpene is experiencing a pressing challenge with groundwater contamination due to the increasing
amount of home and industrial waste. This is as a result of the increasing human population and various business
operations in the area producing more residential and industrial waste. This study aims to assess the vulnerability of
groundwater in the metropolis of Ikot Ekpene and its environs in southern Nigeria by utilizing geological and geoelectrical
methods within a GIS-based DRASTIC model. It will utilize integrated geoelectrical and geological approaches within the
GIS-based DRASTIC model. A total of twenty vertical electrical soundings (VES) were conducted in the region using the
Schlumberger array. Based on the geological drilling data, the interpretation of the VES data suggests that the area consists
of 3—4 geoelectric layers. The lithological succession in the region displays a variety of sediment types, such as fine sand,
coarse sand, and gravelly sands, along with localized occurrences of clay intercalations. Additionally, there are localized
occurrences of clay intercalations. The third geoelectric layer, located at a depth of 9.0-86.6 m, is the primary aquifer that
can be utilized in the region. The DRASTIC model included seven environmental parameters, including depth to the water
table, net recharge, aquifer medium, topography, impact of the vadose zone, and hydraulic conductivity, with the purpose
of conducting a vulnerability assessment. The assessment of groundwater vulnerability ratings (GVR) reveals that 75% of
the research region is classified as high vulnerability, 20% as moderate vulnerability, and the remaining 5% as low
vulnerability. The studied area is predominantly characterized by a moderate to high groundwater vulnerability rating
(GVR), which is likely attributed to the generally gentle topography and the presence of highly permeable geomaterials in
the upper levels of the water table.
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1. INTRODUCTION:

Groundwater is becoming more desirable as a supply of
drinkable water for the growing global population. This is
mainly due to its abundance and, more importantly, its
higher quality compared to surface water sources like
streams, lakes, and rivers. Groundwater is held beneath the
Earth's surface in geological formations called aquifers,
which are not perceptible to the human eye. These aquifers
are vulnerable to pollution or contamination from either
natural or human activities (Ekanem, 2022; Ekanem et al.,
2022; Kumar & Krishna, 2020; Machiwal et al., 2018).
These operations result in the contamination of
groundwater, rendering it unsuitable for human use.
Groundwater contamination has emerged as a significant
global concern because to its substantial effects on human
health and ecological services (Ekanem, 2022; George,
2021; Ikpe et al., 2022; Li et al., 2021). As a result, the
assessment of groundwater vulnerability has become a
useful method for identifying areas that are susceptible to
contamination. This is done in order to develop effective
strategies for managing and protecting groundwater
(Ekanem, 2022; Ikpe et al., 2022; Kumar & Krishna,
2020). Groundwater vulnerability potential is the measure
of the level of natural protection provided by the
environment to prevent the spread of contaminants in
groundwater.

The geological characteristics of a region determine the
duration it takes for surface contaminated water, such as
precipitation, to filter through the soil and reach the water
table (Ekanem, 2020; George, 2021). Surface contaminants
or pollutants can seep into the groundwater and cause
contamination, depending on the characteristics of the
geological materials located above the water table. In this
case, "vulnerability" refers to how easy it is for surface or
near-surface pollutants to get into underground
hydrogeological formations and pollute or contaminate
groundwater (Foster et al., 2013; Harter & Walker, 2001).
The time it takes for pollutants to reach the water table has
a significant impact on the level of pollution (Maxe &
Johansson, 1998). This duration is determined by factors
such as the depth of the water table, the properties of the
vadose zone, net recharge, and the chemical properties of
the pollutants (Abu-Bakr, 2020; Kumar & Krishna, 2020).
Deeper aquifers are less vulnerable to pollutants compared
to shallow ones. Groundwater vulnerability can be
categorized into two types: intrinsic (natural) vulnerability
and particular (integrated) vulnerability (NRC, 1993; Vrba
and Zoporozec, 1994). Intrinsic vulnerability, also known
as natural vulnerability, refers to the susceptibility of an
area to the infiltration and diffusion of surface-originated
contaminants into the water table and groundwater. This

vulnerability is determined by the geological, hydrological,
and hydrogeological characteristics of the area. Specific
vulnerability refers to the contamination of groundwater
caused by a specific contaminant or group of
contaminants. It is determined by the properties of the
contaminants, including the duration and strength of their
impact, as well as the interaction between the intrinsic
vulnerability components and the contaminant in question
(Doerfliger et al., 1999; Gogu & Dassargues, 2000a).

There are multiple techniques that can be used to conduct
groundwater vulnerability assessments. The approaches
mentioned are the DRASTIC method (Aller et al., 1987),
GOD method (Foster, 1987), AVI method (Van
Stempvoort et al., 1992), SIN-TACS method (Civita,
1990), and SI method (Boufekane & Saighi, 2013). The
DRASTIC method is widely favoured due to its simplicity,
accessibility of essential data, and clear elucidation of
groundwater vulnerability (Awawdeh & Jaradat, 2010;
Neh et al., 2014; Awawdeh et al., 2015; Barbulescu, 2020).
This method employs seven characteristics for
vulnerability assessment (Aller et al., 1987). The
parameters that comprise the acronym 'DRASTIC' are
depth to groundwater (D), net recharge (R), aquifer media
(A), soil media (S), topography (T), impact of the vadose
zone (I), and aquifer hydraulic conductivity (C). The
presence of these input parameters plays a crucial role in
reducing the influence of inaccuracies in individual factors
on the ultimate outcomes, thereby enhancing the model's
effectiveness in evaluating groundwater risk. A significant
limitation of the DRASTIC model is the inherent
subjectivity involved in assigning weights and ratings to
the various parameter components of the model (Gogu &
Das-Sargues, 2000b; Chitsazan and Akhtari, 2008).
Nevertheless, the model has proven to be effective in
evaluating the susceptibility of groundwater in various
regions across the globe (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).

This research employed the DRASTIC model to assess the
vulnerability of groundwater in the raffia metropolis of
Ikot Ekpene and its neighbouring regions in southern
Nigeria, integrating geological and geoelectrical methods
within the model. The input parameters for the DRASTIC
model were derived from the VES data interpretation
findings, with the exception of topography, which was
computed using the ASTER digital elevation model
(DEM) in ArcGIS 10.5. The VES approach is a valuable
tool for studying the patterns of electrical resistivity
variation in the subsurface. It is a fast and cost-effective
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method for imaging underground aquifers. This has been
demonstrated by studies conducted by Ekanem et al.
(2020), George (2021), Ikpe et al. (2022), and Udoh et al.
(2015). Compared to traditional well drilling methods, the
VES  methodology is more cost-effective and
environmentally friendly. This is because it only relies on
surface measurements and does not include the actual
digging of boreholes (Ekanem et al., 2020; George et al.,
2018; Udoh et al., 2015). Ikot Ekpene has faced water
scarcity issues due to population growth and urbanization,
exacerbated by the lack of sufficient surface water bodies
in the area (George et al., 2016a, 2017; Ikpe et al., 2022).
The population of Ikot Ekpene municipality and its
surrounding areas have relied heavily on groundwater as a
geo-resource to meet their growing water demands. The
escalating human population, in conjunction with other
business activity in the region, leads to a proportional rise
in both home and industrial trash in the area. The
municipality of Ikot Ekpene is facing a significant
challenge with indiscriminate waste disposal. The streets in
the area are filled with heaps of various types of solid
waste, including domestic waste, vegetable waste, waste
paper, scrap metal, chemical-filled cans, plastic containers,
old rags, vehicle tires, scalpels, and human waste. This
issue has been documented by Ikpe et al. (2022) and Umoh
and Etim (2013). During precipitation, certain perilous
substances infiltrate the hydrogeological formations in the
vicinity, leading to the pollution of groundwater. This
contamination presents significant threats to human well-
being and the overall ecological balance. George et al.
(2014)  utilized  geophysical,  geochemical, and
hydrogeological data to evaluate the impact of leachates on
the quality of groundwater in the vicinity of the former
dumpsite in the research region. Their findings indicated
that the impact of leachates was more significant in the
identified groundwater reservoirs located near the
dumpsite compared to those located further away. In this
work, Ikpe et al. (2022) employed the VES and electrical
resistivity tomography (ERT) methods to evaluate the
protective capacity of hydrogeological units in the studied
area. The evaluation results indicate that 75% of the study
region has a low protectivity rating, 20% has a moderate
rating, and only 5% has a high rating. These data suggest
that the uppermost layers of the study region are highly
susceptible to contamination on the surface or just below
it. Consequently, this study was essential for identifying
the areas with a high susceptibility to harm in order to
facilitate the creation of an effective plan for developing
and exploring groundwater, as well as implementing a
suitable waste disposal system in the area by the relevant
authorities.

1.1 Description of the Study Area

The research was carried out in the metropolis of Ikot
Ekpene and the surrounding areas in southern Nigeria (Fig.
1). The region is situated within the latitudes of 5.072°—
5.140° N and longitudes of 7.390°-7.458° E, with a total
area of approximately 119 km? In the area, the highest
point above the average sea level is 102 meters in the
northern portion, while the lowest point is 54 meters in the
southern part. The city can be reached through an
extensive road network and is a prominent center for
business activities in Akwa Ibom State, located in southern
Nigeria. The region is encompassed by the inland coastal
water and characterized by rainforest flora. The mean
annual precipitation in the region is approximately 2007.9
millimetres (Isaiah et al., 2021).

Ikot Ekpene is located in a region with a humid tropical
environment, which is its climatic characteristic. Over the
course of two seasons. The seasons consist of the dry
season, which occurs from November to April, and the
rainy or wet season, which occurs from March to October.
The dominant wind pattern in the region during the dry
season is the Harmattan winds originating from the north,
while the monsoon winds from the Atlantic Ocean prevail
during the rainy season (Vrbka et al., 1999). The research
area experiences a variation in annual temperatures,
ranging from 20 °C during the wet or rainy season to
around 35 °C during the dry season (Ekanem, 2020;
George et al., 2017, 2021).

Geologically, Ikot Ekpene is located in the Niger Delta
province, immediately on the Gulf of Guinea in the
Atlantic Ocean, in the southern region of Nigeria. The
province is partitioned into three primary stratigraphic
units: the Benin Formation, the Agbada Formation, and the
Akata Formation, located at the base of the Delta. These
formations are depicted in the schematic diagram shown in
Figure 2, as referenced by Obaje (2009), Short and Stauble
(1967), and Stacher (1995). The Benin Formation is the
most recent and uppermost section of the Niger Delta. It
consists of coastal plain sands (CPS) that vary in size from
fine to coarse, as well as gravels (Mbipom et al., 1996;
Short & Stauble, 1967). Groundwater extraction in the city
of Tkot Ekpene is carried out in the coastal plains of the
Benin Formation. This area is known for having layers of
clay, silt, and sandstones in various areas (Reijers and
Petters, 1987). In certain areas of the research site, a multi-
aquifer system is formed by the alternating layers of sand
and clay (Edet & Okereke, 2002; Esu et al., 1999).
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2. MATERIALS AND METHOD

This study used two sets of data in combination with the
GIS-based DRASTIC model to evaluate the susceptibility
of groundwater in the city of Ikot Ekpene and its
surrounding areas. The files consist of geophysical data
obtained by the electrical resistivity technique and
borehole geological data. The electrical
approach employed the Schlumberger electrode design to
conduct vertical electrical soundings (VES) in the subject
region. The obtained resistivity data were analysed using
the WINRESIST software tool to determine the primary
geoelectric parameters of the layers through which the
electric current passed. The qualities in question are
resistivity, thickness, and depth. The lithological logs

resistivity

obtained from drilled boreholes in the research area were
utilized as benchmarks for identifying the different
lithological and hydrogeological units based on the
interpreted resistivity data.

2.1 VES data acquisition, analysis and interpretation

The IGIS signal enhancement resistivity meter SSP-MP-
ATS, together with its attachments, was utilized to conduct
a one-dimensional (1D) electrical resistivity sounding in
several locations within the raffia city of Ikot Ekpene and
its surrounding areas, as depicted in Figure 1. The
electrode configuration developed by Schlumberger was
used in the field survey, as described in the studies by
Bello et al. (2010), Udoh et al. (2015), George et al. (2014,
2017, 2018, 2021), Thomas et al. (2020), Ekanem et al.
(2021), and others. This configuration consists of two
current electrodes, A and B, which are utilized to introduce
a precisely defined electric current into the subsurface.
Additionally, there are two potential electrodes, M and N,
which are employed to measure the resulting potential
difference. Four electrodes were positioned in a linear
arrangement on the surface of the Earth. The resistivity
meter provided the measured resistance of the earth layers,
which was presented on its liquid crystal display (LCD) in
ohms (Q). The distance between the electrodes, AB, was
systematically raised around the center of the measurement
to allow for deeper current penetration. Additionally, the
distance between the potential electrodes, MN, was
periodically increased. These procedures were described in
studies by Ekanem et al. (2020), George et al. (2018,
2020), and Thomas et al. (2020). The highest value
recorded for AB in this investigation was 400 meters,
while the highest value for MN was 20 meters. At all the
occupied sounding stations, the spacing between the
electrodes was carefully set to ensure that AB/2 > 5 MN/2,
in accordance with the assumption of potential gradient
(Dobrin & Savit, 1988). Three soundings were conducted

at three water boreholes in the vicinity, as indicated in
Figure 1. The lithological logs from the boreholes were
utilized to limit the interpretation of the VES data during
the computer modelling phase. The logs were utilized to
restrict the starting layer thicknesses and depths throughout
the modelling phase and also assisted in identifying the
different lithological and hydrogeological units in the area
based on the final modelling curves. Initially, the raw
apparent resistance (Ra) obtained from field measurements
was transformed
Equation (1):

GRS

MN “

into apparent resistivity pa using

Pa =T

(D

The apparent resistivity values obtained for each VES
location were plotted against half of the current electrode
separations (AB/2) on a bi-logarithmic scale to generate
the VES sounding curves. The curves were manually
smoothed to eliminate any erroneous patterns, which is
likely to result in elevated root mean square errors during
the computer-aided stage of the data interpretation The
changes in the obtained smoothed curves were solely
related to the vertical resistivity distribution in the subsoil.
The initial thicknesses and resistivities of the layers were
determined by performing partial curve matching on the
smoothed curves (Zohdy et al, 1974). The
parameters were utilized as inputs in the computer-aided
interpretation conducted with the assistance of the WIN-
RESIST computer software application, with the borehole
lithological logs serving as controls. The computer
software utilizes the initial layer parameters to create a
theoretical model and then compares it with the field data

initial

to generate the final VES curves. The quality of the match
is determined by the root mean square errors. The ultimate
ID resistivity model curves enable the precise
determination of the true thickness, resistivity, and depth
of the different litho units. Figure 3 displays examples of
the final VES curves and their relationships with the
existing lithological logs. The VES interpretations show a
relatively strong correlation with the borehole lithological
logs, despite some discrepancies in the inferred depths of
the layers compared to the depths recorded in the logs.
This is feasible since there might not be a complete
alignment between the geological
geoelectric sections (Bello et al., 2010).

section and the

2.2 DRASTIC model for groundwater vulnerability
assessment
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DRASTIC is an abbreviation that stands 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 Aquifer (C). The DRASTIC
model is formed by combining these seven parameters.
The DRASTIC model, designed by the US Environmental
Protection Agency (Aller et al., 1987; US EPA, 1994), is a
frequently utilized model for assessing groundwater
vulnerability (Awawdeh & Jaradat, 2010; Bar-Bulescu,
2020). Each of the seven characteristics is assigned a
weight (W) ranging from 1 to 5, based on its level of
severity in relation to groundwater vulnerability (Aller et
al., 1987). The most severe parameters are awarded a
weight of 5, while the least severe ones are allocated a
weight of 1. The weights assigned to the parameters, as
reported by Aller et al. (1987) and Barres-Lallemend
(1994), can be found in Table 1.

DRASTIC INDEX = DDy + R-Ry + ArAw + SSy + T Ty +
LI, +CCy  (2)

Table 2 presents the modified classification of Aller et al.
(1987) and Amiri et al. (2020) that is used to rate the
groundwater vulnerability using the index. The potential
for groundwater vulnerability increases with a higher
DRASTIC score and vice versa.

3. RESULTS AND DISCUSSION

Three to four geoelectric strata with matching resistivities,
thicknesses, and depths are revealed by the VES data
interpretation, as shown in Table 3. The resistivity
distribution pattern, which was limited by the geological
drilling lithological data from the accessible boreholes in
the region, was used to evaluate the lithology of the
geoelectric layers.
The topmost layer (layer 1), whose resistivity values range
from 157.3 to 1278.2 Qm and 0.6—-19.2 m in thickness. In
addition to the continuous bioturbating activities in the

layer, the deceptive character of the layer may be the cause
of the significant variabilities in resistivity seen in this
motley topsoil (Ekanem et al., 2021; George et al., 2016a).
The second layer, whose resistivity values range from 31.8
to 2648.10 Qm and thickness from 7.6 to 80.9 m, lies
beneath the motley topsoil. In certain places, this layer was
understood to be sandy clay, and in other places, it was
thought to be fine-graded sand. The layer's large variability
in resistivity could perhaps be attributed to the layer's
geomaterials' variable grain sizes, which are characteristic
of the Niger Delta province's Coastal Plain sands (Ekanem,
2021; Mbipom et al., 1996). The resistivity range of the
third layer, which is found between 9.0 and 86.6 m below
the surface, is 214.4 to 2839.0 Qm. This layer represents
the main exploitable hydrogeological units (aquifers) in the
research region, according to the resistivity variation
pattern and data from the local borehole lithological logs
that are currently accessible. According to the constraints
of the borehole lithological logs, the layer was interpreted
as fine/coarse sands/sandy clay at some areas and gravelly
sands at other locations. As a result, a wide range of
resistivity variation was detected in the layer. Table 4
provides an overview of the aquifer's characteristics.
Because the aquifers lack confining impermeable layers,
they are typically unconfined. The fourth and final
geoelectric layer, which exhibits resistivity values ranging
from 45.0 to 865.4 Qm, was identified and interpreted as
fine sands at certain areas (VESs 1, 4, 5, 8, 18, and 20) and
sandy clay at other locations (VESs 11, 12, and 17). The
thickness and depth of this final layer could not be
determined because the maximum current electrode
spacing of 400 m prevented the injected current from
penetrating to the bottom of the layer. These
interpretations in the research region are comparable to
those of George et al. (2014) and Ikpe et al. (2022). The
resistivity results in this study could be affected by the
following factors: salinity, water content, clay content,
density, form, size, pore size and porosity, and lithology.
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Table 2: DRASTIC Index and Vulnerability Class

DRASTIC Index (DI) Vulnerability Class
1-100 Low

101 - 175 Moderate

176 — 200 High

>200 Very high

Table 3: Summary of VES data interpretation results

VES . Longitude Latitude No. of Resistivity Thickness .
No Location (Degrees) (Degrees) Layers (Qm) (m) Depth (m) Lithology
1190.2 2.6 2.6 Coarse sand
Dumpsite 1 - 248.6 8.5 11.1 Sandy sand
! Utu Ikpe 7.7038 31644 4 1750.8 49.2 60.3 Gravelly sand
418.7 Fine sand
. 1278.2 Coarse sand
2 D%?lplsf(‘eez' 7.7031 5.1656 3 639.4 556'67 652'63 Fine sand
P 1621.6 : : Gravelly sand
430.7 Fine sand
3 Utu Ikpe 7.7053 5.1631 3 22833 1.1 11 Gravelly sand
near Prison 60.4 61.5
851.2 Coarse sand
418.4 09 0.9 Coarse sand
4 Utu Tkpe 77078 5.1598 4 1062.4 238 247 Coarse sand
near Palace 2839.0 456 703 Gravelly sand
865.4 ) ) Fine sand
1028.8 06 06 Coarse sand
5 Abiakpo 7.7033 5.1491 4 339.2 10.4 11.0 Sandy clay
Edem Idim 2129.4 540 65.0 Gravelly sand
760.3 i ) Fine sand
. 193.5 Sandy clay
6 Ib“‘/‘;‘;{"“ Nto 7.7400 5.1615 3 831.7 6'464 61660 Fine sand
an 1341.6 ) i Coarse sand
1131.8 Coarse sand
7 U;“Ogg" 7.7442 5.1568 3 2004.7 621' 10 623' 11 Gravelly sand
1097.0 ) ) Coarse sand
590.7 Fine sand
149.2 13 1.3 Clay
8 Ikpon Road 7.7292 5.1767 4 11.1 12.4
2478.6 614 73.8 Gravelly sand
827.9 ) ) Fine sand
. 487.8 Fine sand
9 N t’:ﬁ‘ﬁ‘fy";ﬂg 7.6667 5.1652 3 1021.5 523' 15 525' 16 Coarse sand
2632.2 ) ) Gravelly sand
334.0 Sandy clay
10 Akw§1P°1y 7.6672 5.1588 3 89.6 3}21 éz'é Clay
214.4 ) ) Sandy clay
590.8 55 55 Fine sand
1 Alowa Poly 7.6706 5.1539 4 72.1 16.7 22 Clay
P2 722.9 45 674 Fine sand
83.3 : ’ Clay
377.0 Sandy cla
Akwa Poly 31.8 0.8 0.8 Cl};y Y
12 7.6708 5.1556 4 8.6 9.4
P3 265.7 579 673 Sandy clay
45.0 ) i Clay
Tkot Ekpene 441.5 36 36 Fine sand
13 Housing, 7.6914 5.1832 3 1848.3 63. 4 67. 0 Coarse sand
Ifuho 2405.8 i i Gravelly sand
4734 20 20 Fine sand
14 Ifuho 7.6900 5.1831 3 79.4 52' 3 54 3 Clay
445.7 ) ) Fine sand
170.7 17 17 Sandy clay
15 Ifuho 7.6844 5.1827 3 925.1 68. 1 69' 3 Fine sand
1959.4 ) ) Gravelly sand
228.5 Sandy cla
16 Tbong Tkot 7.6775 5.1866 3 2111.6 6.1 6.1 Gravel}lly sai/ld
Akan 493 55.4 .
434.5 Fine sand
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VES . Longitude Latitude No. of Resistivity Thickness .
No Location (Degrees) (Degrees) Layers (Qm) (m) Depth (m) Lithology
t301.69 1.4 14 Flrglsand
17 Tbong Road 7.6792 5.1908 4 ; 14.6 16.0 nd
375.5 475 63.5 Fine sand
75.6 ) ) Clay
224.4 Sandy clay
Umuahia 59.1 2.1 2.1 Clay
18 7.6992 5.2024 4 ’ 8.4 10.5
Road 1264.5 599 704 Coarse sand
324.9 ) ) Sandy clay
Sandy clay
207.4 2648.1 4.5 4.5
19 Ikono Road 7.7117 5.1981 3 15063 30.9 854 Gravelly sand
Coarse sand
157.3 14 14 Sandy clay
20 Progress 7.7069 5.1794 4 66.8 7.6 9.0 Clay
Road 1196.1 757 4.7 Coarse sand
379.0 ) ) Sandy clay

The depth to the water table was determined using the VES
interpretation results and varies between 9.0 and 86.6
meters (Fig. 4a). There is an inverse relationship between
the depth of the water table and the susceptibility of
groundwater to surface contaminants. This means that as
the water table gets deeper, groundwater becomes less
vulnerable to surface contaminants, and vice versa. This
relationship has been seen in studies conducted by Amiri et
al. (2020) and George (2021). The depth rating ranges
from 3 to 10, as seen in Figure 4b. The majority of the
study region has a depth rating greater than 5, indicating a
significant susceptibility to groundwater pollution or
contamination from surface sources. The picture map in
Figure 4 indicates that the areas with the largest exposure
to groundwater are located around Umuahia Road,
Progress Road, Ikpon Road, Utu Ikpe community, and

Akwapoly. Net recharge (R) refers to the combined
volume of water from rainfall and other human-made
sources that is able to seep into the water table. The
process of net recharge is the primary pathway for surface
contaminants to enter the aquifer and contaminate
groundwater. As a result, it is directly associated with the
vulnerability rating (Abdullahi, 2009; Shirazi et al., 2013).
Precipitation is the primary means by which groundwater
is replenished in the study area. Since there was no
available net recharge data in the area, the net recharge
value was calculated using the equation (3) proposed by
Piscopo (2001).

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.

Table 4 Summary of aquifer properties for the sounding locations

VES . Longitude . Aquifer] Resistivity Thickness Water table .
No Location (Degrees) Latitude (Degrees) layer (©@m) (m) (m) Lithology
1 Utu Ikpe 1 77038 5.1644 3 1750.8 492 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 Tkpe near 7.7078 5.1598 3 2839.0 456 24.7 Gravelly sand
Palace
5 Ab‘aligi‘:n Edem 7.7033 5.1491 3 2129.4 54.0 11.0 Gravelly sand
6 Tbiakpan 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 2478.6 614 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 2144 - 86.6 Sandy clay
11 Akwa Poly 2 7.6706 5.1539 3 7229 452 22 Fine sand
12 Akwa Poly 3 7.6708 5.1556 3 265.7 57.9 9.4 Sandy clay
13 | IkotEkpene Hous- 7.6914 5.1832 3 2405.8 - 67.0 Gravelly sand
ing, Ifuho
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Vl\]]?) S Location ]i‘l(;ggli‘z::)e Latitude (Degrees) ﬁgl;ief:r Rezgltlil\;ity Thi(cll:lr)less Wat:;];able Lithology
14 Ifuho 1 7.6900 5.1831 3 445.7 - 543 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 4345 - 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 77117 5.1981 3 1506.3 - 854 Coarse sand
20 Progress Road 7.7069 5.1794 3 1196.1 75.7 9.0 Coarse sand
Table 5 Net Recharge ratings for the study (Piscopo, 2001; Al-Adamat et al. 2003)
S(l;;)p)e Rating Rainfall (mm) Rating Soil permeability Rating (ljvztigl.;:l;ig:) Rating
<2 4 <500 1 Very slow 1 11-13 10
2-10 3 500-700 2 Slow 2 9-11 8
10-33 2 700-850 3 Moderate 3 7-9 5
>33 1 > 850 4 Mod-high 4 5-7 3
High 5 3-5 1

The mean annual precipitation in the study region is
approximately 2007.9 millimetres, as reported by Isaiah et
al. in 2021. The percentage slope in the research area was
derived using the ASTER digital elevation model (DEM)
using ArcGIS 10.5. The digital elevation model (DEM)
and slope values are provided in Figure 5a and 5b,
respectively. In this work, the soil hydraulic conductivity
(K) was determined using the empirical formula developed
by Ekanem et al. (2020) for the specific area defined by
Equation (4).

K =139.12py, 0728 4
where pb represents the bulk resistivity of the soil layer.
The soil permeability, Kp, was determined by calculating
the soil hydraulic conductivity using the equation 5.

:Kﬂd
p S g

w

K

(&)

where J,, is water density (1000 kg/m?), g is acceleration
due to gravity (9.8 m/s?) and ug is the dynamic viscosity of
water, which was taken as 0.0014 kg/ms (Fetter, 1994).

The calculated values of Kp vary from 1276.1 to 5865.2
millidarcies (mD). The slope, average annual rainfall, and
soil permeability variables were evaluated based on the
data provided in Table 5. The rainfall component was
assigned a constant value rating of 4, whilst the slope and
soil permeability factors were graded on a scale of 1 to 4,
as shown in Figure 6. The ratings were arranged according
to Equation (3) to calculate the net recharge values for

each of the sounding stations, which range from 6 to 11
(Figure 7a). Figure 7 demonstrates that the southern region
of the research area, specifically near Utu Ikpe village
(Fig. 7a), experiences comparatively lower net recharge.
This observation aligns with the findings from Fig. 6,
which suggest that this area has the lowest slope and soil
permeability ratings. The net recharge values were
subsequently classed according to the data provided in
Table 5. The net recharge values in the study region are
rated on a scale of 3 to 10, as shown in Figure 7b. The
lowest grade of 3—4 is found in the southern region of the
study area. Figure 8a and 8b display the image maps of the
DRASTIC depth and net recharge indices, which were
generated by multiplying their respective ratings and
weights. The depth index is lowest in certain areas in the
northern region and near Akwapoly in the southwestern
section of the research area. Similarly, the net recharge
index is lowest in the southern region and also near
Akwapoly in the Ikot Osurua village.

Aquifer media refers to the geological components that
make up the aquifer. The permeability of the aquifer
media, as indicated by the size of the grains in the aquifer
materials (Ekanem et al., 2021), governs the reduction of
contaminants (Amiri et al., 2020; Venkatesan et al., 2019).
Aquifer geomaterials with higher permeability will have a
reduced ability to remove contaminants, making them
more vulnerable to contamination (Neh et al., 2015;
Jaseela et al., 2016; Venkatesan et al., 2019; Amiri et al.,
2020). The aquifer media used in this investigation were
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generated from the interpretation of VES data, which was
limited by the geological borehole lithological logs. The
aquifer consists of a mixture of fine and coarse sands,
sandy clay in some areas, and gravelly sands in others.
Table 1 awarded a fixed value of 3 to the sandy clay
aquifer material and a fixed grade of 8 to the sands and
gravel. The aquifer media has a weighted of 3, as indicated
in Table 1. The picture map in Figure 9a displays the
aquifer media index within the research area, which varies
between 9 and 24. The whole research region exhibits a
high aquifer media index, above 13, with the exception of
a tiny section near Akwapoly.

Soil media refers to the uppermost layer of weathered
material. The Earth's surface, where there is ongoing

bioturbation. The composition of soil has a significant
impact on the amount of rainfall that is able to seep down
to the water table and the movement of pollutants (Jaseela
et al., 2016; Amiri et al., 2020; George, 2021). The soils
consist of a mixture of gravel, sand, and gravelly material.

Sands have high permeability, making any underlying
hydrogeological units more vulnerable to contamination.
The soil media were obtained from the borehole
lithologically limited VES data interpretation results,
similar to the aquifer media. The soil composition consists
primarily of sand, including both fine and coarse sands,
with occasional areas of sandy clay.
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Figure 4: Distribution of depth to water table (a) and depth rating (b) in the study area
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Figure 5: Topography of the study area a ASTER digital elevation model (DEM), b slope (%) in the study area
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N (a ) Slope rating for recharge N (b) Soil permeability rating for recharge
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Figure 6: Net recharge estimation: a slope rating, b soil permeability rating

According to Table 1, the sandy clay soil was given a
rating of 3, while the fine/coarse sands were given a grade
of 9 for this characteristic. Figure 9b displays the soil
media index in the research area, ranging from 6 to 18.
Approximately 70% of the research region is characterized
by a high soil media index, which is larger than 9. There
are also dispersed pockets of low index, ranging from 6 to
9, as depicted Figure 9b.
Topography refers to the inclination or gradient of the
Earth's surface. In places with a low slope, runoff water,
also known as rainwater, will either stay in place or move
at a very sluggish pace. This slow movement allows toxins
to seep into the water table. As a result, locations with
gentler inclines are more prone to contamination,

in

depending on the characteristics of the soil. The slope
gradient in the research region was derived using the
ASTER digital elevation model (DEM) using ArcGIS

10.5. The slope gradient was then categorized into ratings
ranging from 1 to 10, as specified in Table 1. Figure 10a
displays the image map of the Topography index in the
designated study area. Figure 10a illustrates that the region
is marked by elevated levels

The topography index ranges from 4 to 10, with the
exception of a small section in the south that has lower
indices. The consequence of this is a reduced rate of runoff
water in much of the research region, which will facilitate
the infiltration of pollutants into the water table, resulting
in a high vulnerability of groundwater. The vadose zone's
influence the vadose zone is the stratum above the water
table that is not saturated with water. This area is very
important in the infiltration of precipitation into the aquifer
layer (Aller et al., 1987). If the vadose zone consists of
pervious or porous materials like sands and gravels, it can
have a significant effect on the flow of polluted fluid.
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Figure 7: Distribution of net recharge: a values, b ratings in the study area
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Figure 9: Image maps of a Aquifer media index, b Soil media index in the study area
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Figure 10: Image maps of a Topography index, b Vadose zone index in the study area
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The geomaterials of the vadose zone in this study were
determined by the geological borehole lithologically
constrained VES interpretation. These materials consist
primarily of several types of sand (fine, coarse, and
gravelly) as well as sandy clay. According to Table 1, this
characteristic was given ratings of 3 for sandy clay, 7 for
fine/coarse sands, and 9 for gravelly sands. The parameter
has a weight of 5, as seen in Table 1. The vadose zone
index in the study area varies from 15 to 45, as depicted in
the image map of Fig. 10(b). This suggests that the study
area is extremely susceptible to surface contamination. The
majority of communities in the area have indexes ranging
from 24 to 30. There are also some areas with very high
indexes ranging from 31 to 45, as well as other areas with
relatively low indexes ranging from 15 to 23. This
distribution is shown in Figure 10b.

Significantly elevated indexes indicate a proportionally
substantial influx of pollutants into the water table,
resulting in a heightened susceptibility of the groundwater.
Hydraulic conductivity refers to the ability of a material to
transmit water or other fluids through it. This attribute is
crucial as it directly influences the rate at which
groundwater and pollutants move through an aquifer. The
estimation in this investigation was conducted using
Equation (4) and yielded a range of values from 4.9 x 10-6
to 3.2 x 10-5 m/s. The hydraulic conductivity range
mentioned aligns with the values reported by Shamsuddin
et al. (2018), George et al. (2021), and George (2021) for
aquifers composed of fine to gravelly sand. The parameter
has a weight of 3 and its values were assigned ratings
ranging from 1 to 6, as indicated in Table 1. The hydraulic
system exhibits significant fluctuation.

The significant fluctuation in hydraulic conductivity
suggests a substantial variation in the grain size of the
geomaterial components within the aquifer units in the
region (Ekanem, 2022; Ikpe et al., 2022). The hydraulic
conductivity index ranges from 3 to 18 in the studied area.
Fig. 1la displays the distribution of these indexes. In
certain areas of the northwestern and southwestern regions
of the study area, low indexes ranging from 1 to 7 are seen,
whereas the rest of the area is characterized by high
indexes ranging from 8 to 18. These regions characterized
by high indices are correlated with elevated susceptibility
to groundwater contamination.
The DRASTIC index (DI) and Groundwater vulnerability
rating (GVR) were calculated by summing up the seven
components stated earlier, using Eq. 2. The resulting
DRASTIC index values for each sounding location are
given in Table 6. The index ranges from 91 to 211, and its
distribution in the research area is illustrated in Figure 11b.
The final map indicating the vulnerability of groundwater

was created by combining the seven parameters of the
DRASTIC model for all the VES locations using ArcGIS
10.5 software. The resulting map can be shown in Figures
12 and 13. The values of the DRASTIC index were
reassigned according to the information in Table 2 in order
to establish three distinct categories for vulnerability
evaluation. The classes are categorized as low (DI = 91),
intermediate (DI = 149-172), and high (DI = 182-211)
according to the information presented in Figure 12a and
12b. The analysis of the GVR results indicates that around
75% of the study region exhibits a high GVR, while
around 20% displays a moderate GVR. The remaining 5%
of the study area demonstrates a low GVR, as shown in
Figure 12b. The predominant presence of moderate/high
sensitivity zones in the area can be due to the combination
of lower slope terrains and the high permeability of the
sand layers in the aquifer. This allows contaminants to
quickly infiltrate into the groundwater.

3.2 An examination of the sensitivity of the DRASTIC
model.

A sensitivity study was conducted on the DRASTIC model
outcomes to assess the impact of the ratings and weights
provided to each input parameter on the final model
results. It was crucial to do this because there was
subjectivity involved in assigning ratings and weights to
the input parameters of the model (Gogu & Dassargues,
2000b; Chitsazan and Akhtari, 2008). The analysis was
conducted using two methodologies. The two approaches
are the single parameter removal and the map removal
approaches, respectively. The single parameter elimination
approach assesses the impact of each input parameter on
the final vulnerability index (Napolitano & Fabbri, 1996).
The approach involves comparing the theoretical assigned
weights with the effective weights W (expressed as a
percentage) calculated using Equation (6) (Napolitano &
Fabbri, 1996).

_(B.xR,)

w x100

(6)

where P, is the rating value, P, is the theoretical assigned
weight and ¥ is the unperturbed vulnerability index.

The map removal sensitivity study, as described by
Lodwick et al. (1990) and Napolitano & Fabbri (1996),
examines the impact of eliminating individual parameters
or groups of parameters on the resulting vulnerability
index. The variation index, expressed as a percentage,
quantifies the extent of variation resulting from the
removal of one or more parameters. It was calculated using
Equation (7) as described by Napolitano and Fabbri
(1996).
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VI, =

1

V-7
14

x100

O]

where VI; is the variation index due to removal of
parameters [ and V; is the perturbed vulnerability indices

after the removal of parameter i. Both approaches have been
successfully
DRASTIC model (Amiri et al., 2020; Gogu & Dassargues,
2000b; Khakhar et al., 2017).

applied

in the

sensitivity analysis
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Figure 11: Image maps of a Hydraulic conductivity index, b DRASTIC index in the study area
VES No Parameter D R A S 1 C DI GVR
Weight 5 4 3 2 1 5 3
VES Locati D/D:Dw RRR Ar Sr T, T, T Ir Cr
ocation rDrDWwW rRrRW ArAW SISW rirlWw Idw CrCW
1 Utu Ikpe 1 10 50 5 20 8 24 9 18 6 6 3 15 4 12 180 High
2 Utu Tkpe 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 35 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 35 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 3 9 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 3 9 3 6 8 8 3 15 1 3 149 Moderate
13 Housing Ifuho 5 25 8 32 8 24 9 18 8 8 7 35 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 35 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

Table 6 Calculated DRASTIC index (DI) and groundwater vulnerability rating (GVR) in the study area
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Figure 13: Bar chart showing the groundwater vulnerability ratings (GWR) of the VES stations in the study area

Table 7 Statistical summary of the DRASTIC parameters

D R A S T 1 C

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 54 3.7
standard deviation 2.6 1.8 1.5 3.0 2.0 2.6 23
Coefficient of variation 35.5 27.7 20.5 45.7 27.9 47.5 62.1
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Table 7 displays the statistical summary of the DRASTIC
parameters utilized in calculating the ultimate DRASTIC
index. The mean values quantify the level of contamination
risk associated with each of the criteria. The aquifer
medium presents the greatest risk of groundwater
contamination, with an average value of 7.5. Next in the
sequence are the measurements for the depth to the water
table and the topography, both having an average value of
7.3. This is followed by the recharge parameter, which has
an average value of 6.7. The soil media has an average
value of 6.6, while the impact of the vadose zone has an
average value of 5.4. Finally, the aquifer hydraulic
conductivity has an average value of 3.7.

The coefficient of variation (CV in %) quantifies the
impact of each parameter on the overall variation of the
vulnerability index. According to Table 8, the aquifer
hydraulic conductivity has the greatest impact on the
fluctuation in the vulnerability index, with a coefficient of
variation (CV) of 62.1%. The aquifer media has the lowest
degree of fluctuation, with a coefficient of variation (CV)
of 20.5%. The findings of the single parameter removal
are displayed in Table 8. All
parameters have variation index values larger than one,

sensitivity analysis

indicating that removing a parameter will decrease the
vulnerability index. In this particular situation, the
parameter that was eliminated has a greater impact on the
calculated vulnerability index. According to Table 8, the
greatest amount of variation is observed when the depth to
the water table is eliminated, with an average difference of
20.2%. This is followed by the net recharge, which has an
average variation of 18.7%. One likely reason for this is
the elevated theoretical weights of 5 and 4, along with the
elevated ratings of 3 to 10 attributed to these parameters,
respectively. The vulnerability varies depending on the
removal of the vadose zone, aquifer media, soil media, and
aquifer hydraulic conductivity, as seen in Table 8. The
smallest amount of variation occurs when the aquifer
hydraulic conductivity parameter is excluded, with an
average variation of 7.9%. This is likely because this
parameter has a weight of 3 and is rated between 1 and 6.
Table 9 displays the changes in the vulnerability index
resulting from the elimination of one or multiple input
parameters. The removal of the characteristics was carried
out in ascending order of their influence on the final
vulnerability index, as indicated by the findings presented
in Table 8. The results shown in Table 9 are comparable to
those in Table 8, indicating that depth, net recharge, and
vadose zone have a greater impact on the vulnerability
index than soil medium, slope, and aquifer hydraulic
conductivity parameters.

Table 8 Statistics of single parameter removal sensitivity

analysis

Parameters Removed Mean Va?;)t)ion 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 hy.draulic 79

conductivity)

Table 9 Statistics of map removal sensitivity analysis

(%)

Parameters used Mean variation index
DRASTI 7.9
DRASI 16.0
DRAI 28.9
DRI 433
DR 61.1
D 79.8

The average data indicate that the vulnerability index
fluctuation rises as additional input factors are eliminated.
This phenomenon could be attributed to the theoretical
weights provided to the different factors, the relatively less
robust representation of the layers compared to the site
circumstances, and the inherent fluctuations of the
individual parameter within the research region (Khakhar
et al., 2017). Reducing the number of input parameters in
the DRASTIC model leads to greater fluctuations in the
final vulnerability index, which aligns with the findings of
Khakhar et al. (2017). This demonstrates that all the
DRASTIC factors are calculating the
vulnerability index. Table 10 displays the outcomes of the
single parameter sensitivity analysis. The findings indicate
that depth, net recharge, vadose zone, and aquifer media
are the primary factors in determining the final
vulnerability score in this study. This is also consistent
with the findings of the map removal sensitivity analysis.

crucial in
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Table 10 Statistics of single parameter sensitivity analysis

Parameter Theoretical Theoretical Effective weight (%)

weight weight (%) Mean Minimum Maximum Sd
D 5 21.7 253 8.3 48.1 11.1
R 4 174 182 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 43 49 0.8 7.7 1.4
I 5 21.7 17.6 9.0 28.1 6.5
C 3 13.0 72 1.9 14.6 43

4. CONCLUSION

This study utilized the DRASTIC model and GIS tools to
evaluate the susceptibility of groundwater in the Ikot
Ekpene municipality and surrounding areas in southern
Nigeria. A total of twenty vertical electrical soundings
were conducted at specific places within the study region.
The geological borehole lithologically limited VES data
interpretation reveals that the research area consists of
three to four distinct layers composed of sand (fine,
coarse), gravel, and sandy clay.

The third layer is the hydrogeological unit in the area that
can be commercially exploited. It is located at a depth
ranging from 9.0 to 86.6 meters. These findings align with
the outcomes of George et al. (2014) and Ikpe et al. (2022)
who employed a similar methodology to examine the
surface characteristics in the region. The DRASTIC model
utilized seven environmental parameters: depth to the
water table, net recharge, aquifer medium, topography,
impact of vadose zone, and hydraulic conductivity. All
parameters, with the exception of topography, were
derived based on the results of VES data interpretation.
This approach offers the benefits of cost-effectiveness and
environmental friendliness, as the required parameters may
be quickly collected from surface measurements without
the need for drilling any boreholes (Ekanem et al., 2020;
George et al., 2014, 2017, 2018; Ikpe et al., 2022; Thomas
et al., 2020). The topography was derived from the ASTER
digital elevation model (DEM) using ArcGIS 10.5. The
quantile classification of the ArcGIS 10.5 reveals that
approximately 75% of the research area is categorized as
high GVR zone, around 20% is classified as moderate
GVR zone, and the remaining 5% is classified as low GVR
zone. The greater proportion of the region deemed to have
moderate/high groundwater vulnerability rating (GVR)
may be attributed to the presence of predominantly low-
gradient terrains, characterized by high permeable sandy
shallow layers situated above the water table. As a result,

this specific area of the research experiences effortless and
swift penetration of surface pollutants into the groundwater
because there are no sufficient impermeable layers to
protect it. The statistical analysis of the DRAS-TIC index
values indicates that the aquifer media presents the highest
level of risk for groundwater contamination, followed by
the depth to water table and topography. The aquifer
hydraulic conductivity poses the least amount of risk, as it
has been demonstrated to have the greatest impact on the
final computed DRASTIC index. The aquifer media has
the smallest impact on the final index. The findings of the
sensitivity analysis, specifically the single parameter
removal and map removal, suggest that the final DRASTIC
index is very sensitive to all the parameters. Among these
parameters, depth, net recharge, vadose zone, and aquifer
media are found to be the most relevant. Regions
characterized by a high DRASTIC index indicate a
significant susceptibility to possible harm, and the aquifers
in these regions have inadequate protection against
contaminants that are present on or near the surface.

75% of the research area has been delineated as high
groundwater susceptibility zones on the vulnerability
rating map. The delineated zones closely align with the
zones described by Ikpe et al. (2022) as having inadequate
protection for the aquifer. The aquifers in these designated
areas lack sufficient safeguards against pollutants that are
present on or near the surface. As a result, the water quality
from boreholes sunk in these areas cannot be assured,
which presents a significant threat to human health and
ecological services in the region. The hazard assessment
map undoubtedly offers valuable information that might
assist managers, local government planners, and
supervisory authorities like the Akwa Ibom State water
corporation in determining the optimal locations for
boreholes in the region. The Akwa Ibom state
environmental agency should prioritize the establishment
of adequate drainage and sewer infrastructure in the study
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area to facilitate efficient waste management, potentially
directing the garbage towards the ravine area, which is
uninhabited and does not include water boreholes. An
management strategy should be
implemented for the residents of the region to adhere to
regarding the daily disposal of waste in order to protect the

extensive  waste

aquifers in the area, which are already susceptible to
contamination. The local authorities should implement a
regulation that strictly prohibits the disposal of solid
garbage beside the road or street. While the groundwater
vulnerability map is useful for identifying areas that are
extremely susceptible to contamination, it cannot replace
the need for on-site hydrogeological research.
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