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Abstract: This study aimed to investigate the potential reserves of potable water in Islamabad, Pak-
istan, considering the alarming depletion of water resources. A detailed vertical electrical sounding
(VES) survey was conducted in two main localities: Bara Kahu (Area 1) and Aabpara to G-13 (Area 2),
based on accessibility, time, and budget constraints. A total of 23 VES measurements were performed,
with 13 in Area 1 and 10 in Area 2, reaching a maximum depth of 500 m. Geologs and pseudosections
were generated to assess lithological variations, aquifer conditions, and resistivity trends with depth.
Statistical distribution of resistivity (SDR), hydraulic parameters, true resistivity, macroanisotropy,
aquifer depth and thickness, and linear regression (R2) curves were calculated for both areas, pro-
viding insights into the aquifer conditions. The results revealed that the study areas predominantly
consisted of sandy lithology as the aquifer horizon, encompassing sandstone, sandy clay, and clayey
sand formations. Area 2 exhibited a higher presence of clayey horizons, and aquifers were generally
deeper compared to Area 1. The aquifer thickness ranged from 10 m to 200 m, with shallow depths
ranging from 10 m to 60 m and deeper aquifers exceeding 200 m. Aquifers in Area 1 were mostly
semi-confined, while those in Area 2 were predominantly unconfined and susceptible to recharge and
potential contamination. The northwest–southeast side of Area 1 exhibited the highest probability for
ground resource estimation, while in Area 2, the northeast–southwest side displayed a dominant
probability. The study identified a probable shear zone in Area 2, indicating lithological differences
between the northeast and southwest sides with a reverse sequence. Based on the findings, it is
recommended that the shallow aquifers in Area 1 be considered the best potential reservoir for water
supply. In contrast, deeper drilling is advised in Area 2 to ensure a long-lasting, high-quality water
supply. These results provide valuable information for water resource management and facilitate
sustainable water supply planning and decision making in Islamabad, Pakistan.

Keywords: potable water; vertical electrical sounding; aquifer; lithology; resistivity; groundwater
resource estimation; Islamabad; Pakistan

1. Introduction

Water is a fundamental and essential renewable resource to sustain life and all other
activities on Earth [1,2]. Out of the total water present on Earth, which amounts to ap-
proximately 70%, only a mere 3% is classified as freshwater and suitable for drinking
purposes [3]. Approximately 2% of the freshwater supply is held within glaciers and
ice caps, leaving only 1% available for drinking, sourced from lakes, rivers and deep
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aquifers [4]. Global freshwater scarcity has worsened due to climate change, population
growth, increased demand, and poor management, impacting around 4 billion people
globally [5,6]. According to UNICEF and WHO, around 2.2 billion people do not have
access to safe drinkable water and the scenario worsens every year [6]. The scarcity of water
is exacerbated by the contamination of freshwater, which can occur naturally or anthro-
pogenically, intensifying the overall situation [6,7]. Groundwater, a vital freshwater source
for one-third of the global population, is crucial for sustainable development and ensuring
a reliable, renewable drinking water supply [8,9]. Groundwater recharge occurs through
rivers and precipitation, providing a potential source for groundwater supply [10,11]. The
groundwater is facing a pressing menace from both contamination and overexploitation
within urbanized zones [12,13]. Contamination sources emanate from either human ac-
tivities or industrial processes, significantly compromising water quality [8,14,15]. Once
the groundwater aquifer is tainted, restoration becomes an arduous endeavor, if not an
impossible one [16]. The relentless urban demand for water exacerbates the situation,
causing the aquifer to deplete to the point of desiccation [17]. Exploring groundwater
through the application of advanced hydrological and geophysical methods is essential to
address the current demand and supply chain requirements for water resources [18,19].

Geoelectrical methods are widely utilized for the exploration of groundwater resources,
as the geoelectrical properties are related to groundwater properties, lithology, chemistry,
and porosity [20–23]. The geoelectrical resistivity method is a cost-effective and easily
accessible method for evaluating groundwater before investing in drilling [22,24]. The
measured resistivity not only gives the presence of an aquifer but also gives information
about groundwater quality [24–26]. Vertical electrical sounding (VES) using the principle
of resistivity gives reliable results about the groundwater, contamination, and lithological
conditions based on resistivity contrast [27–33]. The progression of technology has led
to the extensive acknowledgment of geoelectrical methods for groundwater detection,
offering time, cost, and labor savings, along with improved drilling precision [34–36].

Pakistan is the fifth most populous country in the world with a population of 220 million
and is facing water scarcity factors due to its unprecedented growth rate, urbanization, and
inadequate planning [37–39]. The per capita water availability in Pakistan has witnessed a
significant decline from 5260 m3 in 1951 to 1000 m3 in 2016 [40]. Furthermore, it is projected
to further decrease to 860 m3 by 2025, indicating a transition from water scarcity to a
water-stress country [41]. Pakistan’s current water supply stands at 191 Million Acre Feet
(MAF), and this is projected to increase to 274 MAF by 2025, leaving a considerable gap
of 83 MAF [42]. In Pakistan, two-thirds of households drink contaminated water with
30–40% of fatalities and diseases associated with water, including 53,000 deaths of children
due to diarrhea [43–45]. The 20 million inhabitants of Karachi need 1100 million gallons
of water per day while they are getting 450 to 480 million gallons; similarly, in Lahore,
the demand is 50–55 MAF, with a total recharge of 40–45 MAF [46]. The water supply
in Islamabad Capital Territory is managed through Simly and Khanpur Dam, with 30%
coming from groundwater [47]. The peak supply of 141 million m3 is insufficient to meet
the 407 million m3 demand, causing a shortage of 110 million m3 [47]. Islamabad’s urban
population has grown by 1.59%, but water resources remain unaltered, causing a widening
supply–demand gap with groundwater depletion of 1 m/yr [47,48]. Population growth
and groundwater extraction in Rawalpindi and Islamabad have led to a rise in subsidence
levels, from −69 mm/yr to −98 mm/yr between 2019 and 2020 [49]. The demand and
supply of water in Pakistan are expected to worsen in the near future [38,39,50]. Water
management in Pakistan is a complex challenge due to the involvement of multiple sectors,
making it a difficult task to establish consensus within the water domain [39,40,51,52]. Con-
servation, exploration of new resources, and accurate estimation of groundwater reserves
are essential for ensuring the availability of fresh water in the future [10,11]. It is crucial
to take proactive measures to manage this impending water crisis in Pakistan. Advanced
geophysical methods play a vital role in delineating and assessing potential groundwater
reserves [53–55].
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This research contributes to support the realization of UN Sustainable Development
Goal 6 (SDG-6) concerning access to clean water and sanitation. The study aims to identify
a deep hard rock aquifer for sustainable supply in Islamabad, Pakistan’s capital territory,
addressing SDG-6. The objective is focused on (i) identifying aquifers up to 500 m, (ii) de-
lineating potential aquifer horizons, and (iii) aquifer distribution maps in selected areas
of Islamabad. The hard rock aquifer in Islamabad territory has not undergone a compre-
hensive vertical electrical sounding (VES) survey to date in detailed work undertaken so
far [56,57].

2. Study Area

The study area of Islamabad is located in the Potwar plateau within the NW Hi-
malayan Fold and Thrust Belt of Pakistan. It is bounded by the Main Mantle Thrust (MMT)
and Salt Range Thrust (SRT) to the north and south, respectively [58]. The eastern boundary
is marked by the Hazara Kashmir Syntaxes (HKS), while the western side is dominated by
the Margalla, Hazara and the Kalachitta ranges [59] (Figure 1a). The study area is divided
into three structural zones: (i) highly folded Jurassic to Eocene limestone along the Hazara
fault zone, (ii) a southward sloping piedmont bench underlain by the Rawalpindi group
succession, and (iii) the Soan syncline in the southernmost part with the Soan River flowing
along its axis [60]. The complex tectonics and geology of Islamabad result from the collision
of the Eurasian and Indian plates, leading to the deposition of a sedimentary sequence
ranging from the Jurassic to recent times. The depositional sequence is characterized by
two distinct periods: a slow deposition phase (150–24 million years ago) with marine suc-
cessions and minimal tectonic disturbance, followed by a fast deposition phase (24 million
years ago to 1.9 million years ago) characterized by continental clastic sediments, intense
tectonics, and high erosion rates [61–63]. The geological units exposed in the study area are
mostly Potwar clay (clay and gravel), lei conglomerate (clay and silt), and soan formation
(conglomerate, sandstone, clay stone, and siltstone) [64,65]. The complex tectonics and
geology of Islamabad pose challenges for water recharge and storage capabilities [59,64–68].
The study focuses on conducting resistivity surveys at Bara Kahu and Aabpara-G13 sites
to comprehend the deeper aquifer’s potential, considering accessibility, time, and budget
constraints (Figure 1b).

Hydrology 2023, 10, x FOR PEER REVIEW 3 of 26 
 

 

Pakistan. Advanced geophysical methods play a vital role in delineating and assessing 

potential groundwater reserves [53–55]. 

This research contributes to support the realization of UN Sustainable Development 

Goal 6 (SDG-6) concerning access to clean water and sanitation. The study aims to identify 

a deep hard rock aquifer for sustainable supply in Islamabad, Pakistan's capital territory, 

addressing SDG-6. The objective is focused on (i) identifying aquifers up to 500 m, (ii) delin-

eating potential aquifer horizons, and (iii) aquifer distribution maps in selected areas of Is-

lamabad. The hard rock aquifer in Islamabad territory has not undergone a comprehensive 

vertical electrical sounding (VES) survey to date in detailed work undertaken so far [56,57]. 

2. Study Area 

The study area of Islamabad is located in the Potwar plateau within the NW Hima-

layan Fold and Thrust Belt of Pakistan. It is bounded by the Main Mantle Thrust (MMT) 

and Salt Range Thrust (SRT) to the north and south, respectively [58]. The eastern bound-

ary is marked by the Hazara Kashmir Syntaxes (HKS), while the western side is domi-

nated by the Margalla, Hazara and the Kalachitta ranges [59] (Figure 1a). The study area 

is divided into three structural zones: (i) highly folded Jurassic to Eocene limestone along 

the Hazara fault zone, (ii) a southward sloping piedmont bench underlain by the Rawal-

pindi group succession, and (iii) the Soan syncline in the southernmost part with the Soan 

River flowing along its axis [60]. The complex tectonics and geology of Islamabad result 

from the collision of the Eurasian and Indian plates, leading to the deposition of a sedi-

mentary sequence ranging from the Jurassic to recent times. The depositional sequence is 

characterized by two distinct periods: a slow deposition phase (150–24 million years ago) 

with marine successions and minimal tectonic disturbance, followed by a fast deposition 

phase (24 million years ago to 1.9 million years ago) characterized by continental clastic 

sediments, intense tectonics, and high erosion rates [61–63]. The geological units exposed 

in the study area are mostly Potwar clay (clay and gravel), lei conglomerate (clay and silt), 

and soan formation (conglomerate, sandstone, clay stone, and siltstone) [64,65]. The com-

plex tectonics and geology of Islamabad pose challenges for water recharge and storage 

capabilities [59,64–68]. The study focuses on conducting resistivity surveys at Bara Kahu 

and Aabpara-G13 sites to comprehend the deeper aquifer’s potential, considering accessi-

bility, time, and budget constraints (Figure 1b). 

 

Figure 1. (a) Tectonic Model of Himalayan Fold and Thrust Belt, showing study area modified after 
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Figure 1. (a) Tectonic Model of Himalayan Fold and Thrust Belt, showing study area modified
after [63]; Main Karakorum Thrust (MKT), Main Mantle Thrust (MMT), Main Boundary Thrust
(MBT), Main Frontal Thrust (MFT), Salt Range Thrust (SRT) (b) Generalized map of Islamabad
showing the site of investigations.
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3. Methodology

The main focus of this research paper is to delineate aquifers using the 1D resistivity
technique with 2D profiling adopting Schlumberger electrode configuration. A total of
23 vertical electrical soundings (VES) were conducted along six profiles (P-I, P-II, P-III, P-IV,
P-I-G13, P-II-G13), with 13 VES executed in Area 1 and 10 VES in Area 2 (Figure 2). The
Schlumberger array’s depth of penetration is influenced by the spacing between current
electrodes [69,70], resulting in the selection of VES locations for optimal coverage. The VES
data acquisition involved the use of a TSQ-3 transmitter and RDC-10 receiver of Scintrex,
powered by a generator accompanied by stainless steel electrodes and porous pot potential
electrodes. Electrode configurations were optimized for maximum depth penetration, with
potential electrode spacing (MN) ranging from 1 m to 50 m and current electrodes (AB)
limited to 3 m to 1000 m [71]. The data acquired from the transmitter (I) and receiver (∆V)
are processed to calculate the apparent resistivity (ρa) (Equation (1)).
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Figure 2. Base map of the study area, (a) Area 1 (Bara Kahu) showing orientation of VES with a total
of 13 VES, (b) Area 2 (Aabpara to G13) showing stack of 10 VES.

The acquired VES data were modeled through curve fitting and inversion techniques
to generate true resistivity profiles for each layer using the resistivity modeling software
IPI2win [72]. Geoelectrical lithological sections (GELS) were prepared based on the resis-
tivity values, showing lithological variations and delineating aquifer potential, thickness,
depth, and type (confined and unconfined). Pseudosections were also created using in-
version software (IPI2win) to visualize resistivity changes with depth along the collinear
VES points. Statistical distribution curves of apparent resistivity were analyzed to ex-
amine the mean variation of resistivity and lithology along each profile. SDR (statistical
distribution of resistivity) offers a comprehensive view of resistivity variations along each
profile, providing insights through maximum, minimum, and mean resistivity values. This
tool is highly valuable for interpreting the lithological distribution across various depths
based on resistivity changes [32,73]. The data obtained from the borehole were additionally
juxtaposed with the vertical electrical sounding (VES) data to assess their alignment and to
determine the subsurface location and the condition of the aquifer in the vicinity.

Dar Zarrouk parameters such as total longitudinal conductance (S), longitudinal
resistivity (ρL), transverse resistance (TR), and transverse resistivity (ρT) were calculated
(Equations (2)–(6)). The Dar Zarrouk parameters of the study area are observed by taking
account of acquired resistivity and its corresponding thickness. By analyzing these Dar
Zarrouk parameters, researchers can gain insights into the subsurface’s ability to transmit
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fluids and obtain a better understanding of groundwater flow characteristics in the study
area [31,74].

Kriging interpolation techniques were utilized to map the hydraulic parameters by
incorporating the processed resistivity data. Surfer 10 software was used to create maps
of aquifer thickness, depth, macroanisotropy, and true resistivity, providing insights into
aquifer potential and lithological variations in the study area. The linear regression values
(R2) were calculated using statistical software (SPSS 16). The R2 analysis examines the
relationship between resistivity, depth, and thickness to understand the impact of these
parameters on resistivity.

ρ = k(∆V/I) (1)

k = π ((AB/2)2 − (MN/2)2)/MN

where ρ is resistivity, ∆V is potential difference, and I is current
k is a geometric factor, MN (Potential electrode spacing), AB (Current electrode spac-

ing), S (Total Longitudinal Conductance), h1 (Layer 1 thickness), and H (Total Thickness)

Total Longitudinal Conductance (S) = ∑h1⁄ρ1 (mho) (2)

Longitudinal resistivity (ρL) = H/S (Ωm) (3)

Total transverse Resistance (TR) = ∑ρ1 × h1 (Ωm2) (4)

Transverse Resistivity (ρT) = TR/H (Ωm) (5)

Total Thickness (H) = ∑h(1. . ..n) (6)

4. Results and Discussion

The IPI2win software was used to analyze the apparent resistivity (ρa) data by break-
ing it down into layers of true resistivity (ρT) with corresponding depth and thickness
(Figures 3 and 4). The model curves of each VES are categorized into different geological
units represented in the shape of a geoelectrical litho section with the basic concept of
resistivity functional to lithology (Figure 5) [21,24,33,71,75]. The descriptive analysis of
each VES is shown in Table 1.

Table 1. Descriptive analysis, hydraulic and lithological units of each VES.

VES
Resistivity

Std.Dev Depth
Hydraulic Parameters

Lithological Units
Coordinates

Max Min S T AS AT Anisotropy Easting Northing

1 100 15 33 450 19 14,630 23 33 1.18 CS, SC, Sh, Sh-Cl 330,697 3,735,264

2 150 18 53 450 14 29,842 33 66 1.41 SC, Sh, St, Sh-Cl 329,700 3,735,325

3 55 08 19 500 50 6790 10 14 1.17 SC, Sh-Cl, Sa-Cl,
Sh-Cl, Sh 329,260 3,735,124

4 200 15 74 500 23 14,180 22 28 1.14 SC, St, Sh, Sh-Cl 328,746 3,734,712

5 70 12 21 500 29 10,232 17 20 1.08 SC, Sh-Cl, CS, Sh-Cl,
Sh 328,395 3,734,227

6 110 15 37 400 18 10,692 22 27 1.10 SC, Sh-Cl, Sh, CS 329,615 3,735,660

7 275 19 106 500 21 16,150 24 32 1.15 St, Sh-Cl, CS, Sh 329,970 3,736,390

8 60 15 16 500 25 14,180 20 28 1.18 CS, Sh-Cl, SC, Sh 330,352 3,736,757

9 280 22 120 450 19 15,540 24 35 1.20 St, Sh-Cl, Sh 327,910 3,734,700
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Table 1. Cont.

VES
Resistivity

Std.Dev Depth
Hydraulic Parameters

Lithological Units
Coordinates

Max Min S T AS AT Anisotropy Easting Northing

10 80 24 20 450 10 20,984 43 47 1.04 Sa-Cl, Sh-Cl, Sa-Cl,
Cl-Sa 329,356 3,733,353

11 62 32 12 500 13 19,528 37 39 1.02 Sa-Cl, St, Cl-Sa,
Sh-Cl 329,070 3,732,787

12 225 42 84 500 11 24,350 46 49 1.03 St, Sa-Cl, Cl-Sa 328,620 3,736,160

13 60 13 20 500 22 12,641 23 25 1.05 Sa-Cl, Sh, Sh-Cl 328,156 3,736,201

14 106 15 37 400 15 14,446 27 36 1.15 Sa-Cl, Cl, Sa-Cl, Sh,
Cl 323,753 3,731,831

15 414 40 159 500 12 27,340 43 55 1.13 St, Sa-Cl, Cl-Sa 321,340 3,730,350

16 105 11 43 400 29 10,494 14 26 1.39 Sa-Cl, Cl, Sa-Cl, Sh 319,815 3,729,440

17 200 8 75 400 30 24,204 13 61 2.14 Sa-Cl, Sh-Cl, Sh, St 317,230 3,727,875

18 250 15 107 500 13 78,750 39 158 2.01 Cl, Sh, St 316,216 3,727,269

19 102 14 32 500 13 22,699 39 45 1.08 Sa-Cl, Sh-Cl, Sh,
Sa-Cl, Cl 314,960 3,726,400

20 260 13 92 500 14 84,759 37 170 2.14 Cl-Sa, Sh-Cl, Sa-Cl,
Sh, St 311,739 3,724,669

21 300 20 101 500 10 88,400 49 177 1.90 Cl-Sa, Sa-Cl, Cl-Sa,
Sh-Cl, St 310,567 3,724,016

22 300 4 119 500 23 112,670 21 225 3.25 Sa-Cl, Sh-Cl, Sh, St 319,055 3,731,160

23 100 10 39 450 41 6200 11 14 1.13 Sa-Cl, Cl, Sh 318,560 3,730,870
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4.1. Geoelectrical Litho Section (GELS)

GELS have been prepared for each VES to decipher the changing lithological fabrics
and subsequent comparison with related VES along the profile to characterize aquifer
prospects in desirable lithological units [32,66,73,76–78]. The IPI2win divides the VES field
curves into different segments by adopting a curve fitting technique to signify changing
resistivity shift vs. depth [72]. The differential resistivity is attributed to lithology assigning
different resistivity values based on porosity, permeability, water chemistry, depth, and
thickness of subsurface geological units [20–33]. A total of 23 GELS has been drawn
showing different horizons to indicate aquifer potential having maximum probability of
groundwater. The GELS for each VES are arrayed in six profiles showing depth, thickness,
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and lithological accounts of discrete units. The GELS of study areas (1 and 2) unveil a
total of six different lithological units predominantly of sandstone (150–600 Ωm), sandy
clay (50–136 Ωm), clayey sand (35–54 Ωm), clay (30–36 Ωm), shaley clay (20–32 Ωm), and
shale (04–22 Ωm) (Figures 3 and 4, Table 1). These lithological distributions interpreted
from resistivity data align with the geology of the study area [62,64,65]. The prolific
units for groundwater potential are sandstone, sandy clay, and clayey sand aided by an
insignificant part of shaley clay. The resistivity range of 100 Ωm to 400 Ωm indicates
the likely existence of a sandy lithological unit, which is a probable aquifer horizon as
the unsaturated materials typically exhibit higher resistivity values [79]. Sandstone’s
high resistivity (VES-11, 600 Ωm) can be attributed to its compaction, cementation, and
digenetic burial processes [80,81] (Figure 3). The high resistivity values, ranging from
1325 Ωm to 9860 Ωm, are interpreted as conglomeratic units (VES 17, 20, 22) (Figure 4).
These conglomeratic units (Lie conglomerate) are in agreement with the geology of the
area [62,65].

4.2. Geoelectrical Lithological Logs (GELL)

The GELL of each profiles P-I to P-IV (Area 1), and P-I-G13 to P-II-G13 (Area 2) were
investigated using multiple collinear VES data. Each profile’s lithological composition
and aquifer potential were determined based on resistivity measurements vs. depth
(Figures 6–8).
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Figure 8. (a) GELL of P-I-G-13 positioned in Area 2 having a stack of 8 VES, demarcating shallow
and deep aquifers, (b) GELL of P-II-G-13 showing aquifer potential.

Profile P-I, oriented NE–SW with a length of 3.2 km, exhibited sandy clay as the topsoil
(4 m to 8 m depth, resistivity 40 Ωm to 70 Ωm), supporting shallow aquifers with good
porosity. At greater depths, sandy content decreased, alternating with shaley clay (8 m to
40 m depth, resistivity 18 Ωm to 30 Ωm), forming confined horizons for underlying sandy
units. Clayey sand (30 Ωm to 50 Ωm) and sandstone (270 Ωm to 280 Ωm) were identified
as promising aquifers (40 m to 200 m depth) while shale (resistivity 8 Ωm to 15 Ωm) acted
as confined beds for overlying sandy units (Figure 6). The shallow aquifers are delineated
to a depth range of 8 m while deeper aquifers are at depth ranges more than 20 m.
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Profile P-II, oriented NW–SE with a length of 2 km, and was dominated by sandy
clay and clayey sand, with minor amounts of shaley clay and shale. The top sandy clay
(50 Ωm to 62 Ωm) merged into clayey sand (100 m depth). Shaley clay and clay dominated
at different depths, and sandstone (250 Ωm to 300 Ωm) constituted semi-confined aquifers
(Figure 7). Profile P-III, with a length of 3 km and oriented NW–SE, was characterized by
descending layers of shaley clay, sandy clay, clayey sand, shale, and sandstone. Shallow
aquifers were found in sandy clay and sandstone beds (10 m to 200 m depth), while shaley
clay acted as confining layers (Figure 7). Profile P-IV, spanning 500 m in the E–W direction,
showed promising aquifer potential in sandy clay/sandstone layers (10 m to 200 m depth),
while the presence of shale and clay indicated limited potential (Figure 7).

Profile P-I-G13, spanning 16.5 km from Aabpara to G-13, exhibited multiple lithological
units, with sandy clay, clayey sand, and sandstone presenting the highest groundwater
potential. Sandy clay served as shallow aquifers (10 m to 50 m depth), and sandstone
formed deeper aquifers (over 200 m depth) (Figure 8). Profile P-II-G13, 2 km in length,
featured sandy clay (7 m depth) at the surface, followed by shaley clay, shale, and clay
layers (up to 500 m depth), with deeper and confined aquifers present in sandstone beds
(120 m depth) (Figure 8).

The GELL is compared with the borehole data, which shows agreement with the
lithological distribution and aquifer distribution [62]. The aquifer horizons are mostly
sandstone, gravel, and sand, the same as the GELL, where the aquifer horizons are sandy
clay, clayey sand, and sandstone (Figure 9). The aquifers are shallow surficial aquifers with
a depth range of 11 ft to 61 ft (Figure 9); these shallow aquifers are prone to contamina-
tion [44,45,48]. The deeper aquifers, located at depths exceeding 50 m and confined within
sandy lithological units, represent the potential source horizon for high-quality water, as
determined by the resistivity survey.
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4.3. Pseudosection of Apparent Resistivity

The pseudosection (PS) technique was applied to portray the overall resistivity trend
along each profile (P-I to P-III and P-I-G13). The PS combines and correlates resistivity
values from multiple collinear VES to decode the distribution of lithological units along the
profiles. However, PS for P-IV and P-II-G13 could not be generated due to the presence of
fewer than three collinear VES, so their aquifer potential was delineated from GELS data
along the sections (Figure 10).
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Figure 10. Pseudosection of Area 1 and 2, (a) PS of P-I sandy clay to sandstone with depth fine
content increases, (b) PS of P-II displaying clayey sand to sandy clay alternating with clayey sand
and shaley clay, (c) PS of P-III represent sandy clay alternating with clayey sand and finer with depth
along NW side, (d) PS of P-I-G13 sandstone and sandy clay with different lithological units along NE
and SW side.
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The PS-P-I revealed that there is a change in lithology in a steady way with depth;
the topsoil is mostly sandy, and with an increase in depth, clay dominates downward
reaching clayey sand, shaley clay, and shale (Figure 10a). The lensoidal sandstone beds are
encountered by VES-04, 06, and 07 with a depth of ≥1.5–≥4 m and a resistivity (apparent
and true) of ≥85–≤110 Ωm and ≥200–≤275 Ωm. The aquifer potential includes shallow
beds of sandy clay (≥40–≤57 Ωm and ≥46–≤110 Ωm) at a depth of ≥2–≤30 m. The
deeper aquifers are shown by clayey sand (≥30–≤38 Ωm and ≥32–≤48 Ωm) with a depth
of ≥30–≤100 m attributed to an increase in thickness along the NE side. The deeper
lithologies are predominantly shale (≥08–≤18 Ωm and ≥08–≤22 Ωm) and shaley clay
(≥21–≤33 Ωm and ≥20–≤30 Ωm), having a depth of >100–≤500 m, with pronounced
depth at the NE side. The sandy clay sustains shallow aquifers through good porosity
and permeability of the clayey part and permeability of the sand portion, making a good
reservoir [44,79–81]. The pseudosection is in agreement with the geologs in deciphering
the same lithology after inversion.

PS of P-II disclosed the presence of clayey sand (≥30–≤38 Ωm and ≥39–≤50 Ωm)
to sandy clay (≥45–≤64 Ωm and ≥45–≤80 Ωm) as surface lithology with ≥1.5–≤100 m
depth with an increase in thickness along VES-10 (Figure 10b). The sandy content increases
downward, leading to sandy clay with maximum thickness shown by VES-11 and 01. The
shaley clay is also pictured by VES-01 and 10 as a pinch out of beds at depths of 04 m
and 250 m, respectively. The best aquifer horizon is present in the form of sandy clay
having a depth of ≥15–≤100 m for VES-11, ≥60–≤400 m for VES-10, and ≥10–≤200 m
for VES-01. The shallow aquifers are present in the form of clayey sand with an average
depth of ≥1.5–≤60 m. The aquifers present there are mostly unconfined having maximum
discharge and recharge due to the presence of a considerable amount of sand [23,80,81].

The PS of P-III pseudosection pictured sandy clay (≥52–≤56 Ωm and ≥50–≤70 Ωm)
and sandstone (≥242 Ωm) as surface lithology exhibiting a depth of ≤20 m, dominated
by sandstone at the NW side (Figure 10c). The clayey content increases with depth and
is pictured as shaley clay (≥25–≤31 Ωm and ≥22–≤30 Ωm) as pinch-out beds at a depth
of ≥10–≤20 m in clayey sand (≥30–≤50 Ωm and ≥40–≤48 Ωm). At greater depth, the
lithological units are delineated by maximum sandstone at the SE side, while on the NW
side, shaley clay to shale (≥18–≤24 Ωm and ≥12 Ω–≤22 Ωm) dominates. The aquifer
horizon is sandy clay and clayey sand having a depth of ≥05 m, bounded by shaley clay at
the base making it a semi-confined aquifer. The thickness of aquifer beds decreases toward
the NW side, with good water potential along the VES-10 at 40 m by sandy clay units. The
VES-05 generates a confined aquifer capped by shaley clay, while in VES-09 and 10, the
aquifers are mostly semi-confined.

The PS of P-I-G13 elaborates an alternating sequence of lithological units with clear
distinction in the NE and SW sides marked by a probable shear zone of shale–shaley
clay (≥15–≤25 ΩmρA and ≥05–≤20 ΩmρT) (Figure 10d). The NE side has sandy units
of sandstone (≥70–≤90 ΩmρAand ≥300–≤650 ΩmρT), sandy clay (≥50–<70 ΩmρA
and ≥150–<300 ΩmρT), and clayey sand (≥40–<50 ΩmρA and ≥100–<150 ΩmρT), clay
(≥30–<40 ΩmρA and ≥50–< 100 ΩmρT) and shale (<15 ΩmρA and <20 ΩmρT) at greater
depth, while the SW side is dominated by sandy clay, clayey sand, clay, and sandstone. The
pseudosection revealed area has very good aquifer potential in sandstone and sandy clay,
with a promising depth of ≥10–≤40 m. The results are in agreement with the geology of
the area and borehole litho section [62,64,65]. With the increase in depth, the NE side is
dominated by clay, while on the SW side sandstone dominates.

4.4. Statistical Distribution of Resistivity

SDR (statistical distribution of resistivity) plots are created for identical pseudosection
profiles to illustrate the average resistivity changes with depth. These plots also indicate
the occurrence of different lithologies at regular intervals, along with the probability of
water content [32,66,73,78]. Each profile’s SDR data are analyzed using IPI2win to calculate
the mean statistical variation of resistivity (Figure 11).
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(b) SDR of P-II showing gentle rise and fall leading from sandy clay to shaley clay, (c) SDR of P-III
showing steep drop from sandstone to shale, (d) SDR of P-I-G-13, a subtle drop and steep rise at
depth showing differentiating lithologies.

The SDR analysis of Profile P-I reveals a distinct lithological sequence, with the upper
horizon ranging from sandy clay to sandstone. The average apparent resistivity (ρaavg)
and average true resistivity (ρTavg) values vary within specific ranges for each lithology.
The transition from sandy clay to sandstone occurs gradually, with an average resistivity
change of 43 Ωm, corresponding to a 135% increase and a 55% decrease. Specifically,
the sandy clay experiences an average increase of 36 Ωm (90% increase, 47% decrease),
while the sandstone shows a rise of 53 Ωm (195% increase, 67% decrease). As we go
deeper from 10 m to 150 m, the lithologies shift to clayey sand and eventually to shaley
clay. The resistivity values for this sequence range from ρaavg ≥ 22 Ωm to ≤46 Ωm and
ρTavg ≥ 23 Ωm to ≤48 Ωm. The average resistivity increase from clayey sand to shaley
clay is 26 Ωm, with a 122% increase and a 52% decrease. Clayey sand itself experiences an
average increase of 33 Ωm (138% increase, 55% decrease) in the depth range of ≥10 m to
≤40 m. For shaley clay, the resistivity increases by 18 Ωm (106% increase, 49% decrease) as
we go deeper from >40 m to ≤150 m. At depths greater than 150 m, lithologies like clay and
shale are encountered, characterized by resistivity values ranging from ρaavg ≥ 11 Ωm to
≤44 Ωm and ρTavg ≥ 14 Ωm to ≤32 Ωm. The average resistivity increase for this sequence
is 33 Ωm, with a 300% increase and a 75% decrease from clay to shale. The primary trend
observed in the SDR analysis of P-I is a gradual shift in lithologies, indicating changes in
the depositional environment with decreasing sand content down the sequence. Deeper
marine sequences are encountered as we go further down, leading to finer clayey and
shaley facies. The most promising reservoir rocks are found in sandstone and clayey
sand units at depths of >4 m to ≤40 m. The significant percent increase in resistivity
for the sandy unit (138%) is attributed to the presence of water content, which elevates
the resistivity values. The resistivity values of clayey sand also show fluctuations, with
an increase from 48 Ωm to 56 Ωm (an 8 Ωm shift) due to water content, and a decrease
from 30 Ωm to 25 Ωm (a 5 Ωm shift) representing a sandier content, indicative of a good
probable horizon. The permeable cap rocks, sandy clay, and sandstone play a crucial role
in recharging the underlying aquifer. However, the shaley and clayey beds at the base act
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as barriers, limiting downward recharge and leading to the presence of shallow aquifer
beds with good potential for potable water (Figure 11a).

The SDR analysis of Profile P-II reveals a distinctive lithological sequence, starting
with sandy clay and transitioning to sandstone units in a gentle upward trend. However,
at a deeper level (as shown in Figure 11b), there is a sharp decrease in resistivity, indicating
the presence of clayey sand, sandy clay, and shaley clay. In the topsoil layers, which extend
to a depth of ≤4 m, the dominant lithology is sandy clay, characterized by resistivity values
ranging from ρaavg ≥ 40 Ωm to ≤60 Ωm and ρTavg ≥ 50 Ωm to ≤100 Ωm. These layers
are favorable for good recharge. The average resistivity increase for this section is 20 Ωm,
with a percent increase of 52% and a decrease of 29%. As we go deeper from >4 m to ≤40 m,
the lithologies change from sandy clay to sandstone, with ρaavg and ρTavg values ranging
from ≥37 Ωm to ≤131 Ωm and ≥40 Ωm to ≤ 220 Ωm, respectively. The resistivity trend
shows a gentle upward shift with increasing sand content, leading toward sandstone from
sandy clay. The average resistivity increase for this transition is 94 Ωm, indicating a total
change of 74 Ωm and a percent increase of 307%, which suggests a steeper change due to a
significant input of sandy materials replacing clayey content. The average percent increase
and decrease are 261% and 72%, resulting in a total percent increase of 209% and a decrease
of 43% from the sandy clay layer. At depths from >40 m to ≤200 m, there is a steep drop
in resistivity, signifying the change from sandstone to clayey sand. The ρaavg and ρTavg
values for this clayey sand layer range from ≥36 Ωm to ≤62 Ωm and ≥48 Ωm to ≤80 Ωm,
respectively. The average resistivity increase and decrease for the clayey sandstone layer
are 26 Ωm and 68 Ωm, with a percent decrease of 72% from the overlying sandstone bed.
The total percent increase and decrease in resistivity are 94% and 43%, with a total percent
decrease of 167% and an increase of 29% from the sandstone layer. The steep drop in
resistivity is attributed to the presence of clayey beds with sand, aided by compaction and
the existence of water content in pore spaces [79–81]. At a depth of > 200 m, the sandy
content of the sandy clay decreases due to the input of fines, leading to the formation of
shaley clay and clayey sand layers [29,82]. The resistivity window for this horizon ranges
from ρaavg ≥ 20 Ωm to ≤51 Ωm and ρTavg ≥ 23 Ωm to ≤42 Ωm. The average resistivity
increase for this transition is 31 Ωm, with a percent increase of 158% and a decrease of
61%. The resistivity rise from the overlying clayey sand is 5 Ωm, with a percent increase of
64% and a drop of 18%. The minimal rise from the overlying horizon is attributed to the
presence of mixed lithologies, including shale and sand, with maximum compression of
overlying materials and less porosity [49,56,62,80,81].

The SDR analysis of Profile P-III shows distinct lithological changes. At the surface,
from a depth of ≥1.5 m to ≤8 m, there is a steep drop in resistivity due to the presence
of sandy clay to sandstone, with resistivity values ranging from ≥30 Ωm to ≤188 Ωm
(ρaavg) and ≥41 Ωm to ≤270 Ωm (ρTavg). The average resistivity change is 158 Ωm, with
a significant percent increase of 552% and a decrease of 83%. This drop in resistivity is
mainly caused by surficial water and the mixing of clay with sandstone, facilitated by loose
compaction [28,29,31,82]. As we go deeper, at depths of >8 m to ≤20 m, there is a mixing
of shale with sandstone, forming shaley clay. The resistivity for this section ranges from
≥21 Ωm to ≤120 Ωm (ρaavg) and ≥22 Ωm to ≤270 Ωm (ρTavg). The average resistivity
increase is 99 Ωm, with a percent change of 492% (increase) and 81% (decrease). The
resistivity shift from overlying sandy beds is 59 Ωm, with a percent decrease of 60% and
an increase of 2%. This resistivity change is attributed to the presence of shaley content,
along with the influence of clay [26,35]. At greater depths, from >20 m to ≤150 m, shaley
clay and clayey sand are encountered, with resistivity values ranging from ≥24 Ωm to
≤48 Ωm (ρaavg) and ≥23 Ωm to ≤80 Ωm (ρTavg). The average resistivity increase is 31 Ωm,
with a percent increase of 68% and a decrease of 42%. The resistivity shift from overlying
sandstone is 68 Ωm, with a percent decrease of 424% and an increase of 39%. This steep
and abrupt change occurs as sandstone disappears and is replaced by clayey sand, which
is also influenced by the presence of water content [83]. The last horizon, at a depth range
of >150 m, represents shaley clay and shale, with resistivity values of ≥19 Ωm to ≤41 Ωm
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(ρaavg) and ≥14 Ωm to ≤42 Ωm (ρTavg). The average resistivity increase is 25 Ωm, with a
percent increase of 139% and a decrease of 56%. The drop in resistivity from overlying beds
is 6 Ωm, with a percent decrease of 19%. The SDR analysis of P-III reveals the presence of
favorable shallow permeable beds consisting of sandy clay and sandstone at a depth range
of ≥5 m to ≤20 m. These lithologies serve as excellent cap rocks, promoting the recharge of
the underlying clayey sand aquifer, which extends from >20 m to ≤150 m with a thickness
of 120 m. Below this aquifer, there are impermeable layers composed of shaley clay and
shale. The aquifer from Profile P-II is semi-confined at its base, indicating a significant
water potential for long-term water supply and recharge (see Figure 11c).

The SDR analysis of P-I-G13 (Area 2) indicates a gradual decline in resistivity down to
a depth of 250 m, followed by a sudden and steep rise (Figure 11d). The topsoil is primarily
composed of sandy clay to sandstone, ranging from ≥1.5 m to ≤10 m in depth, with
resistivity values of ≥35 Ωm to ≤91 Ωm (ρaavg) and ≥100 Ωm to ≤615 Ωm (ρTavg). The
average resistivity increase for this top horizon is 159%, with a decrease of 61%, resulting
in a total fluctuation of 90 Ωm and 57 Ωm. As we go deeper, from >10 m to ≤100 m, the
resistivity decreases, indicating the presence of clay to clayey sand lithology, with values
ranging from ≥29 Ωm to ≤60 Ωm (ρaavg) and ≥50 Ωm to ≤115 Ωm (ρTavg). The average
resistivity increase is 31 Ωm, with a percent increase of 111% and a decrease of 52%. The
resistivity drops by 32 Ωm from overlying sandstone, representing a percent decrease of
35%. From >100 m to ≤ 350 m, the dominant lithologies are shaley clay and shale, with
resistivity values of ≥10 Ωm to ≤42 Ωm (ρaavg) and ≥20 Ωm to ≤ 45 Ωm (ρTavg). The
average resistivity increase is 22 Ωm, with a percent increase of 112% and a decrease of 53%.
The resistivity decreases by an average of 17 Ωm from overlying clayey sand, indicating a
decrease of 29%. At depths beyond > 350 m, the prevailing lithology is clayey sand, with
resistivity ranging from ≥30 Ωm to ≤58 Ωm (ρaavg) and ≥40 Ωm to ≤70 Ωm (ρTavg). The
average resistivity increase is 22 Ωm, with a percent increase of 74% and a decrease of
41%. There is an average increase of 15 Ωm from overlying shale, representing a percent
increase of 36%. The SDR analysis deduced that the area has good potential reservoirs,
particularly within a depth range of ≥10 m to ≤100 m. The cap rock is predominantly sandy,
and as the depth increases, the clayey content becomes more prevalent, typically after an
average depth of 250 m. The steep increase in resistivity is indicative of the lithological
units and supports the presence of a fault zone or conglomeratic lithologies in the P-I-G-13
pseudosection [63–65,84].

4.5. Dr Zarrouk of Hydraulic Parameters
4.5.1. Area 1

In study Area 1, the longitudinal unit conductance (S) fluctuates between ≥10 mho
and ≤50 mho, showing the aquifer’s potential to hold water, directly related to its porosity.
The highest S value is concentrated in the SW, centered at VES-03 with a value of 50 mho
(Figure 12a). Conversely, S decreases systematically along the NW and SE periphery, with
the lowest values observed at VES-12, 11, 10, 06, and 02.

On the other hand, the longitudinal resistivity (ρL) follows a reverse trend compared
to S, ranging from ≥10 Ωm to ≤43 Ωm (Figure 12b). Maximum resistivity is observed at
the SE and NW regions, specifically at VES-12, 11, and 10. The lowest ρL value is recorded
at the center of the SW side, with a value of 10 Ωm at VES-03, 04, and 05. From S and ρL
values, it is inferred that the area has good porous lithology of clay and shale along VES-05,
04, and 03 [85–87]. The presence of sandstone enhances resistivity due to its compact nature
and water content, resulting in maximum ρL values on the SE and NW sides [87]. The total
transverse resistance (TR), directly related to water transmission ability and permeability,
ranges from 6000 Ωm2 to 38,000 Ωm2 in study area 1 (Figure 12c). Lower TR values are
found in the SW and center, particularly along VES-06, 05, 04, and 03, while higher values
are recorded along the SE and NW sides, specifically at VES-10, 11, and 12. The transverse
resistivity (ρT) follows a similar trend to TR, ranging from ≥10 Ωm to ≤80 Ωm (Figure 12d).
Minimum ρT values are observed at VES-05, 04, 03, and 06, ranging from ≥10 Ωm to
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≤25 Ωm in the SW to the center. The maximum ρT values of 60 Ωm to 80 Ωm are observed
at VES-12, 11, and 10 in the SE and NW regions of the study area. These results indicate
that the SW and central part of the study area contain impermeable beds of clays, while the
SE and NW regions consist of good porous beds of sandstone, showing potential sites for
aquifers [87]. The macro-anisotropy, derived from longitudinal conductance and transverse
resistance data, reveals lithological changes related to hydraulic parameters [88]. The
macroanisotropy map with values ranging from ≥1.02 to ≤1.38 (Figure 13a) is consistent
with the true resistivity map. Lower macroanisotropy values (≥1.02 to ≤1.11) are confined
to the SE to NW zone, while higher values (≥1.29 to ≤1.38) are observed at the SW and
NE sides of the study area. The NW side exhibits good aquifer potential according to
macroanisotropy. Overall, the NE and SE sides are inferred to have good aquifer potential
probability based on macroanisotropy. A true resistivity section was created to portray the
resistivity distribution in the study area, ranging from ≥25 Ωm to ≤280 Ωm (Figure 13b).
The section illustrates the distribution of minimum and maximum resistivity values and
the presence of distinct lithological units. Lower resistivity (≥25 Ωm to ≤70 Ωm) is found
in the SE–SW side, gradually increasing toward the NE and NW. The resistivity divide is
marked by SSW and NNE trending lines with resistivity values ranging from ≥60 Ωm to
≤80 Ωm. The higher resistivity values (≥200 Ωm to ≤280 Ωm) are recorded in the NSW
and NNE side of the study Area 1. The overall trend of true resistivity suggests that the NE
and NW sides contain maximum sandstone to sandy clay, while the SE and NE sides are
dominated by clayey sand to shale [21,57,71,79].

4.5.2. Area 2

In Area 2, the longitudinal conductance (S) shows a symmetrical increase from the SW
and NE sides toward the center, ranging from ≥10 mho to ≤40 mho (Figure 14a). VES-22,
23, 17, and 16 exhibit the highest values (≥30 mho to ≤40 mho), while VES-14, 15, 18,
19, and 20 shows the lowest values (≥10 mho to ≤15 mho). In contrast, the longitudinal
resistivity (ρL) follows an opposite trend, ranging from ≥10 Ωm to ≤50 Ωm, decreasing
from the NE–SW side toward the center (Figure 14b). VES-14, 15, 18, 19, 20, and 21 have the
highest ρL values (≥35 Ωm to ≤50 Ωm), while VES-17, 18, 22, and 23 exhibits the lowest
values (≥10 Ωm to ≤18 Ωm). These findings indicate that the center of the area has low
aquifer potential with abrupt lithological changes, possibly dominated by shale due to
high S and low ρL [85]. On the other hand, the NE–SW side shows a higher probability
of sandy lithology with low S and high ρL. The total transverse resistance (TR) decreases
toward the NE side, while the maximum value is observed along the SW side. TR ranges
from ≥10 Ωm2 to ≤2,800,000 Ωm2, with VES-18, 19, 20, and 21 having the highest values
(1,400,000 Ωm2 to 2,800,000 Ωm2), and a minimum recording of 10 Ωm2 to 60,000 Ωm2

(Figure 14c). The transverse resistivity (ρT) follows a similar trend to TR, with a decrease in
resistivity toward the NE side, as observed in VES-14, 15, 16, 17, 22, and 23. The ρT ranges
from ≥10 Ωm to ≤6000 Ωm, with the highest value being 4000–6000 Ωm and the lowest
10 Ωm to 800 Ωm (Figure 14d). TR and ρT clearly differentiate the lithological units on
the NE and SW sides, with the NE side showing low permeable lithology of clayey sand,
while the SW side exhibits sandstone, indicating good aquifer potential and good water
quality [55,85,87].

The macroanisotropy, representing lithological distinctions based on hydraulic parame-
ters, ranges from ≥01 to ≤12 (Figure 15a). The NE side has a low-value range of ≥01 to ≤05,
while the SW side records the maximum value of ≥09 to ≤12. The macroanisotropy aligns
with the pseudosection, geo-log, and SDR, clearly distinguishing different hydrological
units on the NE and SW sides. The overall true resistivity section depicts a clear demar-
cation of low and high resistivity values, ranging from ≥20 Ωm to ≤450 Ωm (Figure 15b).
The SW side shows low resistivity (10 Ωm to 100 Ωm), while the NE side exhibits high
resistivity (300 Ωm to 450 Ωm). The NE side is likely dominated by sandy clay to sandstone,
while the SE side contains a higher proportion of clayey sand and sandy clay [33,88].
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Figure 12. Hydraulic parameters of Bara Kahu Area 1, (a) Total longitudinal conductance with
increasing trend along SW side toward the center, (b) Longitudinal resistivity showing decreasing
trend along SW side toward center, (c) Total transverse resistance with decreasing trend along SW
side, (d) Transverse resistivity with decrease trend along SW side and increase in value recorded from
SE to NW.
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(b) True resistivity of Area 1 demarcating mean resistivity distribution along the area.
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Figure 14. Hydraulic parameters of Area 2, (a) total longitudinal conductance deciphering minimum
values in SW and NE side with maximum at center, (b) longitudinal resistivity recorded low at center
and high along SW and NE side, (c) transverse resistance of low value along NE side with maximum
toward SW, (d) transverse resistivity of minimum value along NE side with maximum at SW.
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Figure 15. (a) Macroanisotropy along Area 2 with low value at NE side deciphering different
lithological units, (b) True resistivity of Area 2 having minimum value at SW side and maximum
value at NE side confirming same trend as macroanisotropy.

4.6. Aquifer Thickness vs. Depth

The aquifer thickness and depth map provides valuable insights into the distribution
of potable aquifers, which could be tapped in the near future for long-term water supply.
The data for aquifer thickness and depth were obtained from inverted resistivity curves
using IPI2win.

In Area 1, the aquifer thickness varies from ≥10 m to ≤220 m, with the maximum
thickness observed on the SE and NE sides, ranging from 160 to 220 m (Figure 16a).
Conversely, the thickness decreases toward the SW side, ranging from 10 to 40 m. The
aquifer depth ranges from 10 to 220 m, with the minimum depth located on the SE to SW
side (10 to 20 m), while the NE side exhibits greater depths of up to 200 m (Figure 16b).
Based on the thickness and depth map, the SE side of Area 1 appears to be a promising
location for a potential reservoir.
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Figure 16. Aquifer thickness and depth map of Area 1, (a) Aquifer thickness demarcating maximum
value along SE and NW side, (b) Aquifer maximum along NE–NW side with low depth assured at
SE–SW side.

In Area 2, the thickness of the aquifer decreases from the SW to NE side, ranging
from ≥30 m to ≤300 m toward the center, with maximum thickness along VES-15 and 18
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(250–300 m) (Figure 17a). The depth of the aquifer increases from the SW and NE toward
the center, varying from ≥10 m to ≤300 m, with the maximum depth along VES-17 and 18
(200–300 m), and the minimum depth of 10–20 m along VES-14, 15, 20, and 21 (Figure 17b).
The thickness and depth maps indicate that the NE and SW sides are potential areas for
groundwater estimation.
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value at SW and NE side with minimum value at center, (b) Aquifer depth showing maximum depth
at center with minimum at SW and NE.

Linear regression (R2) values were calculated to examine the relationship between
dependent and independent variables [89]. The dependent variable, resistivity, is influenced
by factors such as lithology, thickness, depth, porosity, and water chemistry [20–23,89].
The R2 values for Area 1 are 0.098 for thickness and 0.1 for depth (Figure 18a,b), while
for Area 2, the values are 0.119 for thickness and 0.283 for depth (Figure 18c,d). These R2

values suggest that thickness and depth have a relatively minor influence on resistivity,
accounting for approximately 10–20% of the variation. On the other hand, 80–90% of the
resistivity variation is attributed to factors such as permeability, porosity, and groundwater
chemistry. Hence, the R2 value indicates that any alterations in resistivity are primarily due
to the underground aquifer characteristics and potential.
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Figure 18. Linear regression (R2) value of the study area, (a) R2 of Area 1 showing value of 0.1 inferring
10% dependence of resistivity vs. depth, (b) R2 of Area 1 having value of 0.98 infers 9.8% dependency
of resistivity vs. thickness, (c) R2 of Area 2 shows value of 0.283 referring to 28.3% approach of
resistivity vs. depth, (d) R2 of Area 2 shows value of 0.119 inferring 11.9% dependency of resistivity
vs. thickness.
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5. Conclusions

In conclusion, the geophysical resistivity survey conducted in the Islamabad area
(targeting Area 1: Bara Kahu and Area 2: Aabpara to G13) up to a maximum depth of
500 m has provided valuable insights into the aquifer potential. The data indicate that the
area harbors good potential for drinkable water of high quality, with aquifers comprising
a mixture of sandy and clayey lithological compositions, giving rise to both shallow and
deep confined and unconfined aquifers.

• The resistivity logs reveal the presence of various lithological units, including sand-
stone, shale, clay, sandy clay, clayey sand, and shaley clay. The main potential aquifer
horizons are identified as sandstone, sandy clay, and clayey sand, while shaley clay
appears to be a shallow aquifer of poor quality.

• The detailed geologs of Area 1 (Bara Kahu) and Area 2 (Aabpara to G13) indicate
the presence of both shallow and deeper aquifers, with sandstone and sandy clay
dominating at different depths. The P-I logs show shallow aquifers at 10–20 m depth
and deeper aquifers at depths greater than 50 m. P-II logs reveal the presence of uncon-
fined aquifers with clayey sand as the shallow aquifer and deeper aquifers consisting
of sandy clay. P-III logs indicate the dominance of semi-confined aquifers with shallow
potential in sandstone and sandy clay and deeper horizons in clayey sand.

• The pseudosections of both areas highlight good potential for groundwater, with
various aquifer types and depths ranging from 10 to 40 m. The NE side of the study
areas consistently shows better aquifer potential compared to the SW side, owing to
the presence of maximum sandstone.

• The resistivity data and true resistivity sections further support the presence of distinct
lithological units, with sandy beds dominating along the NE and NW sides, while
clay/shale is prevalent in the SE–SW region.

• The longitudinal conductance (S) and longitudinal resistivity (ρL) analyses confirm
the presence of sandy units with good aquifer potential along the NW and SE sides.
Transverse resistance (TR) and transverse resistivity (ρT) indicate the presence of
permeable units along the NW and SE sides, while impermeable units dominate the
SW side. The macroanisotropy and true resistivity maps provide additional evidence
of lithological variations, with NE and SW sides showing different hydrological units.

• The aquifer thickness and depth maps show variations in aquifer thickness ranging
from 10 to 200 m, with maximum thickness recorded along the SE and NW sides, while
the NE side exhibits greater depth. These maps highlight the SE side as a promising
area for potential reservoirs.

• The linear regression analysis suggests that depth and thickness have a relatively
minor influence, accounting for only 10% to 20% of the resistivity variation. The
major controlling factors on resistivity are groundwater characteristics, permeabil-
ity, porosity, and lithological units, which account for 80% to 90% of the observed
resistivity changes.

In summary, the geophysical resistivity survey has successfully delineated the aquifer
potential in the study area, providing valuable information for future water supply planning
and resource management.

6. Recommendations

To comprehensively study Islamabad’s rough and undulating topography and vul-
nerable subsurface lithology, a detailed ground magnetic and gravity survey should be
conducted to understand subsurface tectonics and lithological distributions. Addition-
ally, a detailed resistivity survey covering the entire area with a regular grid interval of
1 km × 1 km should be performed to delineate aquifers up to a depth of 1 km.

Advanced remote sensing techniques should be used to create a drainage map, allow-
ing for a better understanding of surface water distribution. To obtain overall geological
coverage and enable subsequent 3D comparisons with subsurface data, Islamabad should
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be mapped at a scale of 1:50,000. To confirm the potential and characteristics of promising
aquifer locations indicated by geophysical surveys, test drilling should be carried out.
Water geochemical and biological tests should also be conducted, and hazard risk maps for
different elements and biological factors should be produced. To efficiently assess aquifer
risk, geophysical signatures for different factors can be developed, providing a cost-effective
means of identifying potential contaminant flow and risk factors in the surrounding area.
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