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Abstract: Determination of hydrological properties of the aquifer is of fundamental importance
in hydrogeological and geotechnical studies. An attempt has been made to refine the hydraulic
conductivity values computed from the pumping test by utilizing the hydraulic values computed in
the laboratory. This study uses hydraulic conductivity computed in the laboratory of rock samples,
pumping test data in conjunction with the empirical equations, and vertical electric sounding (VES)
to determine the hydraulic properties of Lower Bari Doab (LBD) in the Indus Basin of Pakistan.
The utilized dataset comprises pumping test results (Kpump) from 17 water wells, hydraulic con-
ductivity values (Klab) of different grain size subsurface lithologies, and 50 VES stations. To this
end, the investigated area is divided into 17 polygons by using the Thiessen technique, and equal
distribution/weight of conductivities values is assigned to 17 polygons (one polygon around each
water well where pumping test is conducted). The true resistivity ranging from 20–90 ohm-m along
with an average thickness of the aquifer is computed using the VES data for each polygon. A novel
approach has been developed to estimate the hydraulic conductivity of the aquifer by combining
laboratory data and pumping test which is used to compute the other hydraulic properties. The cal-
culated hydraulic conductivity, transmissivity, and tortuosity values of the aquifer range from 4.4 to
85.6 m/day, 674 to 8986 m2/day, and 13 to 20, respectively. The porosity ranges from 32 to 45% and
the formation factor values fall in the range 4 to 12. Higher hydraulic conductivities were encountered
in the southern portion of the area near the junction of the rivers, and it increases with an increase in
porosity. The aquifer having T > 5700 m2/day and K > 40 m/day, yields a large quantity of water
whereas the portion of an aquifer with T < 1100 m2/day and K < 13 m/day are combatively low yield
aquifer. The results of the resistivity method show that the subsurface geological material, as depicted
from true resistivity, is composed of layers of sand, clay, and silt mixed with gravel/sand. This study
improves the understanding of the aquifer and will help in the development and management of
groundwater resources in the area including the prediction of future behavior of the aquifer.

Keywords: geophysical method; hydraulic conductivity; transmissivity; porosity; formation factor

1. Introduction

The Indus Basin of Pakistan is the main source of water supply in Pakistan for different
purposes, such as agricultural, commercial, and residential use. The Indus Basin ground-
water aquifer in Pakistan holds at least 80 times the water stored in the country’s three
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largest dams (Tarbela Dam, Mangla Dam, and Mirani Dam) but is under severe pressure
due to overexploitation that continues to occur due to the rapidly increasing population
that has outpaced aquifer recharge. In 2020, Pakistan faced a huge groundwater crisis
due to large-scale extraction from the aquifer. About 62 billion m3 of water is annually
drawn from the aquifer from the Indus Basin which is about 1/3rd of the total annual water
withdrawal in Pakistan [1]. Huge pumpage has resulted in a rapid decline in water level
and as a result, groundwater availability and quality have substantially deteriorated [2–5].
The rapid installation of tube-wells without any geotechnical or geophysical investigation
has lowered the groundwater level and has caused the salinity issue [6–10]. In the past, it
was reported [11] a rise of more than 0.2 m per year, and in the Bahawalpur area (adjacent
to Lower Bari Doab), the rate was nearly 0.4572 m per year [12]. However, in recent years,
the trend has reversed [13] showed a decline of 15 m in the water table of the Upper Bari
Doab since 1960. Mashadi and Mohammad [14] reported average change in the water
table for the last several decades, the rates are shown in Table 1. It was found [15] that
the yearly decline had increased to 2 to 3 m. The uncontrolled withdrawals have put the
aquifer under stress by causing an imbalance between recharge and abstraction. In addition,
increasing population, unconstrained pumping for agricultural needs, and climate change
have disturbed the balance between water demand and supply. If groundwater depletion
continues then the upper portion of the aquifer might run dry in the near future.

Table 1. Water table decline in the Upper Bari Doab area.

Period Rate of Decline (m/Year)

1960–1967 0.2987
1967–1973 0.5486
1973–1980 0.6004
1980–2000 0.6492

Aquifer depletion can be arrested with better understanding and proper utilization
of aquifer which in turn requires detailed groundwater profiling. Water flow and storage
depend on the hydraulic properties of the aquifers and affect the timing, locations, and
depletion of the aquifer which is important for hydrogeologists and policymakers to
formulate appropriate management strategies and implementation of relevant interventions
required. For this purpose, it is essential to know the accurate hydraulic properties of
the aquifer [16]. Grain size, lithology, and geomorphic nature of the deposited sediments
are important agents for the development of clastic fluvial aquifers and their hydraulic
characteristics [17,18]. Depending on the origin, transporting agent, and distance from
the source to depositional place, the sediments may vary in size from very coarse alluvial
fan gravels and channel deposits. The depression fill deposits act as an aquifer with high
hydraulic conductivity, whereas fine lacustrine clays have low hydraulic conductivity.
For modeling purposes, hydraulic conductivity plays an important role in determining
the flow through pores. It is also used for designing retention ponds, roadbeds, and any
system designed to capture runoff. Hence, the prediction of water mobility within the
aquifer needs accurate values of hydraulic parameters. Being an underground resource,
the measurement, monitoring, and management of groundwater are more difficult than
surface water. Using hydraulic properties, computer software such as Modflow, Visual
MODFLOW, Feeflow, etc, estimate the rates, locations, and timing of streamflow depletion
in response to groundwater pumping. Researchers have used various techniques including
empirical equations developed for the particular area using surface resistivity methods and
pumping to estimate aquifer potential and hydraulic properties [19–24].

Hydraulic properties of an aquifer are conventionally determined using either rock
samples or pumping test results. Rock samples are taken from different depths and locations
and analyzed in the laboratory which is costly and is seldom available. On the other hand,
a pumping test yields information and cannot capture aquifer heterogeneity. The purpose
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of this study is to provide the spatial distribution pattern of hydraulic properties of the
aquifer in the Lower Bari Doab (LBD) in the Punjab Province.

The Lower Bari Doab (Figure 1) is an important part of the Upper Indus Basin. This
study provides the characterization of hydraulic properties and is fundamental for the
assessment of the future availability of groundwater resources and management. These
hydraulic properties—including lithology, micro-fractures, conductivity, porosity, and
permeability of the strata [25] can control the aquifer and thus, are mandatory for the
development and management of the aquifer in an area. The results from this study would
provide useful information for groundwater modeling that will lead to improved aquifer
management.

Figure 1. Hydrogeological map along with location Of ERS sites of Bari Doab (after [10]).

A novel approach to finding hydraulic properties of the aquifer by combining labora-
tory data and pumping test results for estimating hydraulic conductivity surrounding to
pumping well has been introduced. The data obtained from the pumping test is refined
using laboratory data of different depths which is then used to create zonations and in turn
calculate hydraulic properties.

2. Materials and Methodology

Location of the study area: Indus Basin of Pakistan is subdivided into Upper and
Lower Indus Basin. Upper Indus Basin consists of four hydrological units, locally known
as Thal, Chaj, Rachna, and Bari Doab (Figure 1). Doab is the tract of land between two
rives. Upper Indus Basin is a well-transmissive and continuous unconfined aquifer where
lithology varies from coarse sand to sandy loam with clay lenses [26]. The study area
Lower Bari Doab (LBD) is bounded by Ravi and Chenab rivers in the northwest and west,
respectively, and by the Sutlej River in the southeast. On the eastern side, it shares a border
of nearly 80.5 km with India. The total area of the doab is nearly 19,600 km2. It is about
402 km in length from the border to the confluence of Chenab and Sutlej Rivers and the
average width is nearly 96.5 km [27]. LBD is located between latitude 29◦30′ to 31◦45′ N
and longitude 71◦ to 74◦45′ E (Figure 1). The northeastern boundary of Bari Doab lies near
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the foothills of the Himalayan range and almost coincides with the Lahore district. LBD is
a part of the Indus Basin Irrigation System and comprises a network of canals [28].

Climate: Agriculture is the principal occupation in Lower Bari Doab. There are two
seasons termed Kharif and Rabi. The Kharif season includes the monsoon months starting
from 15 July to 15 September and the Rabi season is the relatively dry winter season from
15 October to 15 April. The climate is arid to semi-arid, and the mean annual precipitation
ranges from 102 mm in the south to 508 mm in the north. Two-thirds of this precipitation
occurs in the four summer months. Maximum temperature ranges from about 20 ◦C in
December and January to about 41 ◦C in May and June.

Hydrogeology: Lower Bari Doab is a part of the Indo-Gangetic Plain and is covered
by Quaternary alluvium, which presumably overlies semi-consolidated tertiary rocks or
metamorphic and igneous rocks of Precambrian age [29]. Several deep test holes ranging
from 243.83 to 396.22 m depth were drilled to determine the thickness of the alluvium
and the depth of the bedrock. In these test drills, the bedrock was encountered in only
three holes at 381.59, 311.19, and 282.84 m in the northeastern part of the Bari Doab [29].
Therefore, in the Lower Bari Doab area, the total thickness of the Quaternary alluvium and
the distribution of tertiary and older rocks were not found [30].

The subsurface lithology consists of mainly sand encountered in test holes and water
wells showed the water-bearing characteristic of the alluvial deposits, that form the aquifer
of the Bari Doab. A comparative study of the lithological logs provided a fairly good idea
about the texture and structure of the heterogeneous alluvium to the depth of 183 m. The
subsurface lithologies inferred in the Quaternary alluvial complex consisted of clay, sandy
silt, fine sand, fine-to-medium sand, medium-to-coarse sand, coarse sand, and gravel. The
alluvial material covering the study area formed part of the extensive heterogeneous and
isotropic unconfined aquifer underlying the Indus Basin and was believed to be more than
304.79 m thick. Geological evidence also indicated that the aquifer is unconfined [31]. The
aquifer yield varies from 100 to 300 m/h in Bari Doab [10] (Figure 1).

Electrical Resistivity Survey: The geoelectrical method measures the distribution of
the subsurface resistivity which is a physical property depending on the characteristics
of the materials [32]. The principle of the electrical resistivity method is based upon
injection/passage of electric currents into the ground for the discovery of electrical features
of the materials buried in the ground [33]. This method is quick and cost-effective and
has proven more successful for describing subsurface lithological and hydrogeological
features [34,35] and groundwater conditions and subsurface layers [36,37]. This method is
also used to estimate the hydrological parameters of the aquifer. Many researchers have
evaluated aquifer parameters using the resistivity method [38–40]. This method has been
utilized for indirect estimation of K and T, reducing the need to drill boreholes that were
used for pumping tests [41–43].

Electrical resistivity survey is a practical application of Ohm’s law, as shown in Equa-
tion (1), to map the subsurface changes in earth resistivity and correlate them with the
hidden geological formations.

R ∝ ∆V/I · · · or · · · R = K × (∆V/l) (1)

where R is apparent resistivity (ohmmeter); ∆V = Voltage (potential drop) measured in
milli-volt; I = current (milli-ampere); and K = Schlumberger constant of proportionality.

The apparent resistivity depends on the injected current I, measured potential V, and
the geometric factor K [33,44]. Current injected into the subsurface is affected by many
features of the strata such as priority organic components, minerals such as silt, clay, packing
of void spaces, fluid presence, etc. in subsurface strata [45]. This method is used profitably
to determine qualitatively the type of water-bearing formation, e.g., sand, sandstone, gravel,
boulder provided conditions are favorable and not complicated by abrupt lateral changes
in lithology. In resistivity surveys, a commuted direct current is introduced into the ground
via two electrodes (A & B). The potential difference is measured between the second pair of
electrodes (M & N). The four electrodes are arranged in any of several possible patterns. The
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current and potential measurements are then used to calculate apparent resistivity values.
The layout of current and potential electrodes is shown in Figure 2. For data acquisition,
Schlumberger electrode configuration is applied which is the most widely used in the world
for conducting electrical resistivity surveys. The electrodes are placed along a straight line
on the earth’s surface by satisfying the condition given in Equation (2).

AB ≤ 5 MN (2)

Figure 2. Schematic illustration of the VES technique and electrode arrangement for Schlumberger
configuration.

In this study, a total number of 50 VES probes were conducted to map the subsurface
lithologies. Some of the points near the water wells were used for calibration purposes. The
geoelectric parameters of VES-30 were correlated with lithologic data from 1 of 17 water
wells and interpreted the lithologies of VES-30 were shown in Figure 3. IXID software
is used to calculate the true resistivity together with the thickness of all possible geo-
electric layers encountered in the depth of investigation. The modeled (true) resistivities
of VES points reflect the subsurface lithologies up to a depth of penetration and hence
provide information on the subsurface geology of the area. The resistivity of the rock is
controlled by various factors such as water and clay content, porosity, temperature, and
fault [46]. The subsurface lithologies are interpreted on a local basis relating to the nature
and characteristics of the rocks existing in that area [46,47].

The average resistivity of all materials calculated in the field known as the apparent
resistivity of 50 probes was analyzed for the estimation of aquifer quality. The inverse
iterative technique was applied to obtain true resistivity and layer thickness for different
sub-surface layers using IXID software. Factors, such as porosity, temperature, clay con-
tent, and water content, affect the actual resistivity of the material [46]. The nature and
characteristics of the rock mass existing in the area play an important role to interpret the
sub-surface lithologies [48]. A relation can be established between aquifer lithology and
the resistivity to map the geometry of sub-surface layers, provided that the rock mass is
correlated with resistivity ranges [49] (Rucker et al., 2011). Resistivity method is also used
to classify freshwater and saltwater horizons, groundwater quality [50–53] and demarcate
of fresh and saline water boundary [54,55].
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Figure 3. Correlation between sounding curve-30 with test drill lithology along with modeled
parameters.

Based on the calibrated results (Figure 3), between resistivity modeled curve-30 and
borehole lithology, a standard correlation of layers was prepared separately for lithologies
listed in Table 2. This standardized correlation was then applied to all VES data points. The
computed resistivity ranged from 20 to 90 Ω-m, indicating aquifer for 17 polygons having
fresh to saline water in the study area is presented in Table 2.

Table 2. True resistivity and aquifer lithology calibration in Lower Bari Doab, Pakistan.

Resistivity (ohm-m) Lithology

Less than 20 Silt containing saline water; Dominant sand containing brackish water

20–40 Sand containing marginally fresh water

40–55 Sand containing fresh water

Greater than 55 Mixture of sand and minor gravel containing fresh water

Pumping Test: Depending on the nature/type of the aquifer, various techniques are
applied to pumping data (time drawdown vs. time) to find the hydraulic parameters of
the aquifer. These parameters are important for the prediction of the future availability of
groundwater reserves [23,56]. Aquifer parameters including hydraulic conductivity, trans-
missivity, and storativity are commonly applied in groundwater modeling [40,57,58] and
these parameters are also estimated using the hydro-geophysical technique [16,56,59,60].
Permeability and formation factor can be estimated using empirical correlation [39,61]. The
method proposed [62] for estimating the transmissibility and storability of aquifers using
specific well capacity. Aquifer characteristics and electrical parameters of the geoelectrical
layers have been studied by many researchers [9,63–66].

Hydraulic conductivity can be considered the basic parameter that describes the
hydrogeology of the aquifer of any area and the main aquifer parameter to estimate the
characteristics of the aquifer. It is more effectively estimated using geological information
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extracted from drilled wells or test hole wells. It governs, along with other parameters, the
flow of fluids and the migration of contaminants in the subsurface lithologies. Hydraulic
conductivity is a measure of how easily water can pass through soil or rock: high values
indicate permeable material through which water can pass easily and vice versa.

The Lower Bari Doab (LBD) is part of the Indus Basin is very important for the
characterization of hydraulic properties, fundamental for the assessment of the future
availability of groundwater resources and precise management.

To model the behavior of hydraulic conductivity in the aquifer, a grid consisting of
66 columns by 26 rows is overlaid on the area with a spacing of 5000 m, both in X- and
Y-directions. For this purpose, test holes and water wells are used which had been drilled
during different exploration stages by WAPDA. The pumping test data and the hydraulic
characteristics of these water wells were also studied [31,67,68].

In addition to the pumping test data and subsequent results, laboratory hydraulic
conductivity (Klab) comprising different subsurface materials from different depth intervals
was also available from test holes located in the study area. Although not all intervals
were sampled, a lithological description was available for different depths. A value of
Klab from an identical lithology was assigned to intervals for which a measured hydraulic
conductivity was not available. The values of the laboratory conductivity were lower
than the conductivity obtained from the pumping test analysis data due to the obvious
reason that the samples obtained from different depths were disturbed and their physical
properties (porosity, packing, grain orientation) were also variable. The difference between
the Klab and pumping test hydraulic conductivity values (Kpump) was adjusted to Klab by
devising a mechanism [69,70] to evaluate the conductivity (K). By taking the geometric
mean, the conductivity values (Klab) beneath each test hole were averaged out, and thus a
single value termed, individual laboratory conductivity, was assigned to an aquifer for an
individual polygon. A flowchart describing the workflow methodology to establish the
hydraulic conductivities zones of the LBD area is shown in Figure 4.

Lab Data: Based on the similarities and/or slight differences between the values of
Klab followed by the 2-directional geological distribution, zones comprising equal values
were formulated for an aquifer. By taking the geometric mean of the values computed
of samples representing different depths, a single value of a test hole is assigned. If the
difference between the hydraulic conductivity values computed in a laboratory for test
holes is less or equal to 1 × 10 −7 m/s, then that group of values has been assigned a zone.
If the difference is more than 1 × 10 −7 m/s, then that cluster of values is assigned a new
zone and so on. The zonation of aquifer Klab is shown in Figure 5.

A similar methodology is used for the conductivities of pumping test analysis that
leads to the generation of different zones having a single value of Kpump as shown in
Figure 6. The difference between the Klab and Kpump was obtained and added this difference
(Kdiff) to the individual laboratory conductivities, previously evaluated, and on this basis,
new conductivities were obtained for the model termed “Kmodel”. The zones are made for
the Kmodel values for the aquifer are shown in Figure 7.

To establish an equal distribution and/or weight of conductivity values, the Kmodel
around the water wells and Thiessen Polygon Method [71] were used. This method has
been globally used in meteorology and hydrology for guessing areas from point observa-
tions [72]. This technique [73] was also utilized for estimating hydraulic conductivity in
the surrounding area (Thal Doab) by developing various zone to model the subsurface
aquifer. This methodology is applied in the present study by replacing point observation
into a water well where the pumping test is performed, a polygon is developed around
the well and hydraulic conductivity is estimated within that polygon. The study area was
divided into 17 polygons. The number of conductivity values that fall within each polygon
was increased by the Kdiff obtained from the conductivities of Klab and Kpump at the test hole



Appl. Sci. 2022, 12, 3055 8 of 19

location. The area lies on the boundary of polygons and was assigned a single value
by taking the geometric mean of the values of those polygons established around water
wells are unique representations of their kind. The methodology for obtaining the final
value of conductivity (K) (Geometric Mean of Kmodel values) and its distribution using
polygons are shown in Table 3 and Figure 8. The final computed values of hydraulic
conductivities estimated by using this technique ranging from 4 m per day to 85 m per
day are in close agreement with already computed values calculated by Akhter and Hasan
in 2016 [58] of the area that falls within the Lower Bari Doab. They used Aquifer Test
Pro software for the aquifer system by using a pumping test for 7 wells and estimated
the hydraulic values ranging from 15.9 to 60.9 m per day. In addition, the results of the
electrical resistivity survey showed that sand is the dominant subsurface lithology (Table 2).
The values of hydraulic conductivities of the interpreted lithology closely matched with
the values available in the literature [74–76]. Similarly, the other properties like porosity
and transmissivity computed with the help of mathematical relation by using the current
refined values of hydraulic conductivities are fall within the range of published literature.

Figure 4. Workflow to establish the hydraulic conductivities zones and estimate the other hydraulic
properties.
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Figure 5. Zonation of hydraulic conductivity (KLab) of the aquifer based on laboratory analysis.

Figure 6. Zonation of hydraulic conductivity (Kpump) of the aquifer based on pumping test data.
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Figure 7. Zonation of adjusted hydraulic conductivity (Kmodel) of the aquifer.

Figure 8. Distribution of final value of hydraulic conductivity K (m/day) indicated in polygons.
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Table 3. Methodology used for computing the final value of hydraulic conductivity.

Polygon # Log
Kpump(m/s)

Log
Klab(m/s)

Kdiff =
Log Kpump−Log

Klab(m/s)

Test Hole Klab
(m/s)

Log
Klab(m/s)

Log Kmodel = Kdiff
+ Log Klab (m/s) Kmodel (m/s)

Geometric
Mean K
(m/day)

1 −2.5430 −5.2940 2.7510

3.20 × 10 −7 −6.49 −3.74 1.80 × 10−4

12.11

3.84 × 10 −7 −6.42 −3.66 2.16 × 10−4

2.90 × 10 −7 −6.54 −3.79 1.63 × 10−4

1.77 × 10 −8 −7.75 −5.00 1.00 × 10−5

1.49 × 10 −7 −6.83 −4.07 8.41 × 10−5

8.41 × 10 −7 −6.08 −3.32 4.75 × 10−4

1.83 × 10 −7 −6.74 −3.99 1.03 × 10−4

1.01 × 10 −6 −6.00 −3.25 5.67 × 10−4

2 −3.0160 −5.4610 2.4450

7.68 × 10 −7 −6.11 −3.67 2.14 × 10−4

23.67

1.77 × 10 −6 −5.75 −3.31 4.94 × 10−4

9.97 × 10 −7 −6.00 −3.56 2.78 × 10−4

3.78 × 10 −6 −5.42 −2.98 1.05 × 10−3

1.80 × 10 −7 −6.75 −4.30 5.00 × 10−5

3 −2.3450 −4.7720 2.4270

2.41 × 10 −7 −6.62 −4.19 6.43 × 10−5

4.35

4.39 × 10 −7 −6.36 −3.93 1.17 × 10−4

1.10 × 10 −7 −6.96 −4.53 2.95 × 10−5

3.05 × 10 −8 −7.52 −5.09 8.14 × 10−6

8.47 × 10 −7 −6.07 −3.64 2.26 × 10−4

5.36 × 10 −7 −6.27 −3.84 1.43 × 10−4

5.18 × 10 −8 −2.06 −1.32 1.38 × 10−5

4 −2.9064 −5.4000 2.4936

3.84 × 10 −7 −6.42 −3.92 1.20 × 10−4

20.73

5.09 × 10 −7 −6.29 −3.80 1.58 × 10−4

1.02 × 10 −6 −5.99 −3.50 3.20 × 10−4

4.45 × 10 −7 −6.35 −3.86 1.39 × 10−4

7.77 × 10 −7 −6.11 −3.62 2.43 × 10−4

3.02 × 10 −6 −5.52 −3.03 9.42 × 10−4

7.62 × 10 −7 −6.12 −3.62 2.38 × 10−4

5 −2.8090 −5.3650 2.5560

1.74 × 10 −7 −6.76 −4.20 6.25 × 10−5

19.83

1.16 × 10 −6 −5.94 −3.38 4.18 × 10−4

1.87 × 10 −7 −6.73 −4.17 6.74 × 10−5

2.78 × 10 −6 −5.56 −3.00 1.00 × 10−3

1.01 × 10 −6 −6.00 −3.44 3.63 × 10−4

6 −2.6190 −5.4030 2.7840

6.10 × 10 −7 −6.21 −3.43 3.72 × 10−4

16.851.71 × 10 −7 −6.77 −3.98 1.04 × 10−4

3.17 × 10 −7 −6.50 −3.71 1.93 × 10−4

7 −2.4300 −5.5850 3.1550

7.62 × 10 −8 −7.12 −3.96 1.09 × 10−4

41.35
4.57 × 10 −7 −6.34 −3.18 6.55 × 10−4

4.27 × 10 −7 −6.37 −3.21 6.10 × 10−4

8.47 × 10 −7 −6.07 −2.92 1.21 × 10−3

8 −2.4990 −4.9720 2.4730

3.29 × 10 −7 −6.48 −4.01 9.78 × 10−5

10.744.30 × 10 −7 −6.37 −3.89 1.28 × 10−4

5.18 × 10 −7 −6.29 −3.81 1.54 × 10−4

9 −2.7310 −5.5470 2.8160
2.13 × 10 −7 −6.67 −3.85 1.40 × 10−4

7.90
9.14 × 10 −8 −7.04 −4.22 5.97 × 10−5
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Table 3. Cont.

Polygon # Log
Kpump(m/s)

Log
Klab(m/s)

Kdiff =
Log Kpump−Log

Klab(m/s)

Test Hole Klab
(m/s)

Log
Klab(m/s)

Log Kmodel = Kdiff
+ Log Klab (m/s) Kmodel (m/s)

Geometric
Mean K
(m/day)

10 −2.6600 −5.2430 2.5830

2.13 × 10 −7 −6.67 −4.09 8.17 × 10−5

22.75

1.39 × 10 −6 −5.86 −3.27 5.33 × 10−4

4.54 × 10 −7 −6.34 −3.76 1.74 × 10−4

2.14 × 10 −6 −5.67 −3.09 8.17 × 10−4

5.36 × 10 −7 −6.27 −3.69 2.05 × 10−4

11 −2.9010 −5.5050 2.6040

9.14 × 10 −8 −7.04 −4.43 3.66 × 10−5

6.14

3.05 × 10 −8 −7.52 −4.91 1.23 × 10−5

3.81 × 10 −7 −6.42 −3.82 1.53 × 10−4

9.45 × 10 −7 −6.02 −3.42 3.81 × 10−4

1.74 × 10 −7 −6.76 −4.16 6.98 × 10−5

12 −2.9930 −5.6510 2.6580
2.33 × 10 −6 −5.63 −2.97 1.06 × 10−3

40.56
4.57 × 10 −7 −6.34 −3.68 2.08 × 10−4

13 −2.7770 −5.4480 2.6710

2.34 × 10 −6 −5.63 −2.96 1.10 × 10−3

34.24

7.01 × 10 −7 −6.15 −3.48 3.29 × 10−4

2.86 × 10 −7 −6.54 −3.87 1.34 × 10−4

5.64 × 10 −6 −5.25 −2.58 2.64 × 10−3

1.65 × 10 −7 −6.78 −4.11 7.71 × 10−5

14 −2.9000 −5.3100 2.4100
6.10 × 10 −7 −6.21 −3.80 1.57 × 10−4

39.24
5.15 × 10 −6 −5.29 −2.88 1.32 × 10−3

15 −1.8210 −6.0140 4.1930
3.05 × 10 −8 −7.52 −3.32 4.75 × 10−4

65.05
7.62 × 10 −8 −7.12 −2.93 1.19 × 10−3

16 −2.4260 −6.1510 3.7250

3.05 × 10 −8 −7.52 −3.79 1.62 × 10−4

85.59
3.90 × 10 −6 −5.41 −1.68 2.07 × 10−2

1.34 × 10 −7 −6.87 −3.15 7.13 × 10−4

7.62 × 10 −8 −7.12 −3.39 4.05 × 10−4

17 −2.9180 −5.3760 2.4580 5.97 × 10 −7 −6.22 −3.77 1.71 × 10−4 14.80

3. Results and Discussion

Wells are often drilled without prior information of the permeable/saturated hydro-
logical repositories. Hydrogeological parameters such as porosity (Φ), formation factors (F),
tortuosity (τ), and hydraulic conductivity (K) that are necessary for effective groundwater
extraction and management are not all considered [77–79]. These pore properties also
control fluid transmissibility in geologic units [80]. In the present study, pumping test
values (Kpump) were significantly higher than laboratory values (Klab) and hence, cannot be
used to compute hydrological parameters because these values are not true representative
as their physical properties were changed during the drilling process. To compute true
representative values, a new methodology has been introduced those bridges hydraulic
conductivity data with lab measurements. The difference (Kdiff) between Klab and Kpump
was added to the individual laboratory conductivities, previously evaluated, and on this
basis, new conductivities were obtained for the model, termed as “Kmodel”. The zones are
made for the Kmodel values for the aquifer and are shown in Figure 7.

Fractional porosity (Φ) is a volumetric parameter and plays an important role in
assessing the aquifer potential. It was calculated using Equation (3) developed by [81].

Φ = 25.5 + 4.5 In Kh (3)

The porosity of each polygon was estimated and is given in Table 4. The estimated
values of porosity vary across the study area that represents the sandy aquifer. The
interpreted porosity values range from 32 to 45% with an average of 38.5%. These values
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reflect the presence of sand having variable grain sizes. Higher values indicated the fine
sand or silty sand while the lower values represent the coarse sand which is also confirmed
the lithological column of the already drilled water wells.

Table 4. Interpreted aquifer parameters based on VES and the estimated hydraulic parameters.

Polygon # K
(m/Day) Φ (%) Formation

Factor (F)

Aquifer
Resistivity
(Ohm-m)

Aquifer
Thickness (m) Tortuosity Transmissivity

m2/Day

1 12.11 36.72 6.71 28–52 78 15.7 944.89

2 23.67 39.74 5.77 26–48 57 15.1 1349.47

3 4.35 32.11 12.17 32–55 155 19.8 673.51

4 20.73 39.14 4.49 29–63 64 13.2 1326.43

5 19.83 38.94 4.52 34–69 105 13.3 2082.15

6 16.85 38.21 5.65 35–82 164 14.7 2764.09

7 41.35 42.25 5.14 31–69 139 14.7 5747.03

8 10.74 36.18 6.90 21–67 176 15.8 1891.04

9 7.90 34.80 7.43 26–71 172 16.1 1358.87

10 22.75 39.56 8.44 22–81 85 18.3 1934.02

11 6.14 33.66 12.23 29–88 178 20.3 1092.21

12 40.56 42.16 7.29 32–69 170 17.5 6894.43

13 34.24 41.40 7.60 25–66 167 17.7 5717.27

14 39.24 42.01 4.00 23–51 175 13.0 6866.78

15 65.05 44.29 4.70 28–48 101 14.4 6569.72

16 85.59 45.52 4.46 32–54 105 14.2 8986.72

17 14.80 37.63 8.59 33–64 183 18.0 2708.42

The precise and accurate measurement of the formation factor depends largely on the
precise measurement of electrical conductivity, clay contents, and cementing factor of the
water conductive layer [82]. Generally, an increasing trend is noted in the formation factor
with an increase in cementing factor, decrease in porosity and clay contents. The formation
factor is estimated by using well-known Archie’s Equation (4).

F = a/φm (4)

where “a” is the tortuosity factor and “m” is the cementation exponent, and “φ” is porosity.
The value of “a “and “m” depends on the site-specific lithology. In general m and a are
equivalent to 2 and 1, respectively [61,83]. As per Archie [84] “m” varies from 1.7 to 3.0 but
normally is 2.0. For the present study, a = 1 and the value of m ranged from 1.5 to 2.3. These
dimensionless constants affect the geometric spread of formation factor and porosity. The
mechanisms involving non-connectivity between pores or increase in pore communication
are described by the cementation factor, such that m approaches unity when pore throats
are closer to pore radius [85]. The computed values are given in Table 4. These values
ranged from 4 to 12.2, showing a large variation in the texture of the aquifers.

Tortuosity is a geometric parameter of porous media that describes the interconnected
pore spaces and relates with hydraulic and electrical properties [85–87]. It controls the flow
of water in an aquifer and depends on the formation factor with aquifer porosity. Tortuosity
can be estimated with the help of Equation (5) [88].

ó = (F φ)1/2 (5)
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Tortuosity calculated for 17 polygons that represent the area is presented in Table 4.
This indicates that high tortuosity corresponds to low porosity and affects aquifer transmis-
sibility and pore connectivity. The computed final values of hydraulic conductivity varied
from 4.5 to 85.6 m/day affect the natural flow of fluids in the aquifer while tortuosity value
ranges from 13 to 20.

Transmissivity is an important parameter in assessing the aquifer potential and can be
computed by using Equation (6) [17,64]. It describes the capacity of the aquifer to transmit
groundwater wholly in its entire saturated thickness [89] (Omeje et al., 2021). It can also be
defined as the rate of flow of water through a vertical strip of the aquifer [90].

T = Kb (6)

where K is hydraulic conductivity (m/day) and b is the thickness of the aquifer measured
in meters. The thickness of the aquifer is estimated for each VES by using IXID software
which is given in Table 4. The evaluated thickness of the aquifer varies from 57 to 183 m.
The transmissivity values of the aquifer vary in a large range (674 to 8986 m2/day) due to
strong contrast in the aquifer lithology. The very low transmissivity, hydraulic conductivity,
and formation factor are associated with fine-grain sediments. These fine-grain sediments
are mainly sand with silt/minor clay and comprise the aquifer of sandy plain zones.

Apparent resistivity (ρa = ∆V/I* K) computed in the field at different depths is an
average value of various subsurface layers and does not represent the true electrical
characteristics of the individual subsurface layer. Since resistivity values exhibit large
variations with some repetition, the number of subsurface layers revealed by the resistivity
survey do not often match with the results obtained by trial boring. Layers encountered
by trial boring shall be greater in number than layers interpreted by resistivity survey.
Apparent resistivity values are not a true representation of the subsurface lithology until
they are matched with the theoretical master curves drawn manually or through computer
modeling. The VES data collected at 50 probes were modeled by using the IXID Computer
Software that gives the model interpretation of individual curves stating/reflecting the
number of layers, their true resistivity values with thickness, and depth from the surface.
From 50 points, some of the points are near the existing water well/test holes that were
used for calibration purposes to correlate the true resistivities with subsurface permeable
and impervious layers. These standardized values were applied to the rest of the probes
and interpreted the subsurface lithologies. Subsurface geological material as depicted
from resistivity modeling was composed of layers of sand, clay, and silt mixed with
gravel/sand. The dominant subsurface encountered at all sites (given in Table 1) consists of
sand containing fresh, saline, and brackish water. The sand formation containing freshwater
indicated high resistivity values as compared to sand containing saline water. The lower
resistivity values less than 20 ohm-m below the water table from comparatively the deeper
horizon indicated the sand containing brackish water whereas the same range of values
near the surface indicated the silt containing saline water. After drilling, the aquifer must
be evaluated in other to determine the aquifer hydraulic properties. These parameters are
evaluated with the help of pumping tests that help recommend the capacity of the pump
as well as the depth of installation to improve the life and stabilization of the aquifer. The
pumping test is conducted to examine the aquifer response, under controlled conditions, to
the abstraction of water

The results of the pumping test are considered accurate and are used to evaluate the
hydraulic properties. In this study, the hydraulic conductivity of rock samples collected at
different depths from test holes was also available, but these values were lower than the
conductivity obtained from the pumping test analysis due to the well-known factors that
the samples obtained from different depths were disturbed and their physical properties
(porosity, packing, grain orientation) also changed. To map the hydraulic conductivity
laterally of the investigated area, the values of hydraulic conductivities evaluated from the
pumping test with laboratory analysis were utilized by converting the area into 17 polygons
where the pumping test was conducted. The final values of hydraulic conductivities were
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estimated and are given in Table 3. The estimated hydraulic conductivities that represented
the area falls in the range of 4.4 to 85.6 m/day. The highest value is interpreted at the
junction of the Indus and Sutlej Rivers. This reflects the way they were deposited of the
transported material in nature by rivers. Later, the values of transmissivity have been
estimated by calculating the average thickness of the aquifer with the help of VES data for
each polygon that ranged from 674 to 8986 m2/day. The transmissivity values evaluated for
each polygon are shown in Table 4. Afterward, by using the already established relations
having the same geological environments, the values of porosity, formation factor, and
tortuosity were estimated of the whole investigated area. It is obvious from the results
(Table 4) that the hydraulic conductivity increases with the increase in porosity indicating
the high potential area. The higher values of the porosity are estimated towards the
northern sides of the area where the Indus and Sutlej Rivers interest each other due to the
obvious reason those maximum sediments are deposited at these places.

4. Conclusions

A total of 50 vertical electrical soundings (VES) were analyzed and true resistivities
with the thickness of individuals have been identified. The results showed that resistivity
values range from 20 to90 ohm-m with a minimum thickness of 57 m while the maximum
thickness of 178 m of unconfined aquifer material consists of dominant sand containing
fresh, marginally fresh, and brackish water. Further based on true resistivity values various
aquifer regions of fresh, brackish, and saline water were differentiated. The lithology
consists of silt/clay having resistivity <20 ohm-m representing saline water. Sand con-
taining marginally fresh water and freshwater having resistivity 20–40 and 40–55 ohm-m,
respectively. Whereas a mixture of sand and gravel containing freshwater having resistivity
values ranged from 55–90 ohmmeters. Based on this standardization (Table 2), the water
quality at different depths has been interpreted based on true resistivity values. This
calibration shows the intermixing of resistivity values for subsurface layers, which cause
overlapping of fresh–brackish and brackish–saline groundwater zones.

Hydraulic properties of the area were estimated by using the pumping test data, hy-
draulic conductivities estimated in the lab, VES data, and previously established regression
equation. In the current study, the focus was to evaluate the hydraulic conductivity and
afterward transmissivity, porosity, formation factor, and tortuosity based on the estimated
value of K. The estimated hydraulic conductivity, transmissivity, porosity, formation factor,
and tortuosity values of the aquifer range from 4.4 to 85.6 m/day, 674 to 8986 m2/day,
32 to 45 %, 4 to 12, and 13 to 20, respectively. Higher hydraulic conductivities were encoun-
tered in the southern portion of the area near the junction of the river as compared to the
rest of the area. The porosity is also in an increasing trend. It is also concluded that the
polygons representing aquifer having T > 5700 m2/day and K > 40 m/day, are considered
excellent aquifer which can yield a large quantity of water. On the other hand, the polygons
with T < 1100 m2/day and K < 13 m/day are considered combatively low yield aquifer.
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