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Abstract: Vulnerability analysis in areas vulnerable to anthropogenic pollution has become a key
element of sensible resource management and land use planning. This study is intended to estimate
aquifer vulnerability using the DRASTIC model and using the vertical electrical sounding (VES) and
electrical conductivity (EC) outcomes. The model allows for the identification of hydrogeological
environments within the scope of the research, based on a composite definition of each environment’s
main geological, geoelectrical, and hydrogeological factors. The results from the DRASTIC model
were divided into four equal intervals, high, medium, low, and very low drastic index values. The
SW area and NE area depict drastic index values from medium to very high, making it the most
vulnerable zone in the study area, while the NW and SW areas show low to very low drastic index
values. In addition, the results from the VES and EC the freshwater aquifer in the NE area and
brackish water in the SE area, while the rest of the area falls into the category of brackish water.
Overall, it can be concluded that areas having freshwater assemblages are on the verge of becoming
contaminated in the future while the rest of the NW and SW areas constitute less vulnerable zones.
The validation conducted for DRASTIC and EC shows a nearly positive correlation. Wastewater
treatment policies must be developed throughout the studied region to prevent contamination of the
remaining groundwater.

Keywords: groundwater; drastic index; geophysical methods; salinity; vulnerability

1. Introduction

Groundwater is the world’s most valuable resource. It makes up about 90% of human-
ity’s freshwater supply and supplies about one third of the world’s consumption of water.
However, groundwater water is profoundly vulnerable to contamination [1]. The contam-
ination of groundwater has become a prevailing problem throughout the world. When
groundwater is contaminated it becomes difficult to remediate, despite its self-remediation
capacity. As a result, sustainable groundwater management should be centered on pollu-
tion prevention. Before considering strategies to prevent future groundwater quality issues,
groundwater conditions (and especially the type of recharge) should first be determined
for the aquifer [2]. Groundwater contamination can still be hard to identify and control for
many years and perhaps decades.
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Groundwater quality is as important as quantity. It can be affected by many factors or
seriously deteriorated. These factors include a rapid rise in urbanization, mixed land use
designs, the lack of an appropriate sewage framework, advanced agricultural production,
and poor disposal of wastewater. These can be caused by household as well as industrial
activities and can introduce pathogens, heavy metals, trace elements, organic chemicals,
nitrates, pesticides, herbicides, fertilizers, and hydrocarbons into groundwater systems.
These pollutants result in increased waterborne diseases, including gastrointestinal illness,
cholera, typhoid, amoebiasis, hepatitis A, and diarrhea [3]. In developing countries such as
Pakistan, nearly 66% of water is provided by hand-pumps and piped system [4]. Inferior
quality drinking water accounts for 30% of maladies and 40% of all deaths [5]. According to
an assessment, over 0.1 million Pakistanis die, and about three million people are affected,
by waterborne illness every year [6]. In different areas of Punjab, the majority of the
populace is deprived of clean drinking water.

The assessment of groundwater vulnerability to pollution has been extensively used
worldwide by researchers. The term “vulnerability of groundwater to contamination” was
first utilized by Margat in 1968 [7]. Groundwater vulnerability is defined as the tendency
and probability of a contaminant to reach the groundwater table after originating at the
ground surface [8]. Worldwide planners and researchers concede that there is a need for
figuring out proficient and effective strategic plans. Therefore, developing a framework to
improve available water assets and secure them quantitatively and qualitatively is very
important.

There are three methods for accessing the vulnerability of groundwater to pollution,
namely process-based methods [9], statistical methods [10], and overlay and index meth-
ods [11]. A processed-based method uses numerical modeling to estimate the contaminant
transport. It is limited by poor accessibility of adequate data and often faces computational
challenges [12]. A statistical method involves comparing spatial variables with actual water
quality data and uncertainty. It attempts to reduce errors and utilize parameter coefficients
rather than weight [3]. Maps of the parameters which influence contaminant transfer
between surfaces and groundwater must be compiled and combined for the overlay and
index method. This then has an index value. Moreover, this method is easy to deploy. This
method is the most suitable technique for the assessment of groundwater vulnerability and
is the result of rapidly accessible data and subjective assessment. Ordinarily, overlay and
index models include EPIK [13], GOD [14], AVI [15], SINTACS [16], and DRASTIC [17].
Among them, the DRASTIC is the most popular and widely used approach [18].

Using the DRASTIC and GIS method together is effective in evaluating aquifer vulner-
ability. The DRASTIC model was given by [17], in combination with the US Environmental
Protection Agency and the National Water Well Association. Groundwater flow controls
the geological and hydrological features of an area. Seven hydrogeological parameters
are included in the DRASTIC model. These parameters constitute acronyms that form the
term “DRASTIC” and include depth to the water table, recharge of network area, aquifer
media, soil media, topography, the impact of the vadose zone, and hydraulic conductiv-
ity [19]. The DRASTIC function evaluates the area in various vulnerability zones built on
DI (DRASTICIndex) [20].

For this research, the region of Safdarabad Tehsil, the Punjab district of Sheikhupura,
Pakistan was selected. This area is irrigated by an alluvial arrangement via canal water.
Sheikhupura is an industrial city. The study area does not belong to the coastal region
and, as part of Rachna Doab, is the reason for incorporating the DRASTIC method in
our study. Gillani et al. 2013 [21] studied the groundwater quality of tehsil Sheikhupura.
Their results from drinking water samples illustrate that four out of twelve sites have an
elevated amount of bacterial contamination, manganese, and arsenic level, while three
samples have higher sulfate amount than the WHO limit due to sulfate fertilizers usage.
Previously, [22] has conducted GIS-based drastic analysis in the same region for a bigger
area. The limitation of that work was that there was no availability of geophysical data for
the sake of comparison. However, in the current study we have acquired geophysical data
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and aim to compare it with the DRASTIC results in order to determine areas having a fresh
water interface. In this way, the accuracy of the DRASTIC analysis can be tested and proper
groundwater mitigation and planning can be developed as well. In the last decade, there
has been a significant increase of the use of geophysical methods for the characterization of
hydrogeological sites [23]. Geophysical techniques were used by many authors to solve
concerning hydrogeological issues [24]. This technique has also been utilized by many
authors for vulnerability mapping and studies [2–4]. It is a non-invasive, nature-friendly,
and economic technique [25]. For the current study, the VES data are provided from
the district agricultural department. Electrical Conductivity (EC) data of groundwater
samples from the nearby tube wells of the VES points have also been obtained to find
out the groundwater contamination [26]. However, for detailed lithological classification,
one cannot completely rely on the VES results due to overlapping of the resistivity of
the subsurface layers. For better interpretation, its comparison with borehole data is
important to verify the output. For DRASTIC, its capability and usability represent a
common approach used to evaluate the vulnerability of groundwater. DRASTIC index-
based techniques are not related to data access or similarities. The key advantage of GIS
is the combined efficiency of data layers and a modification of vulnerability classification
parameters. The limitations of the DRASTIC technique are that it cannot measure and
identify pollutants, but instead can only estimate the infiltration and stability capacity of
the aquifers.

The current research focuses on two aspects. First, we focus on the DRASTIC model
and GIS techniques to be used in order to identify contamination-prone areas and classify
vulnerability zones. Secondly, we focus on the VES and EC approach for the sake of
comparison, correlation, and validation with the DRASTIC method. This study will help
us to identify fresh groundwater sources that are on the verge of getting contaminated.

2. Materials and Methods
2.1. Study Area

The area, Safdarabad Tehsil, in our investigation in which the DRASTIC model and
the VES technique were applied is situated on the northeast side of Punjab. It lies between
longitude 73◦37′45.60′′ E to 74◦7′39.52′′ E and latitude 31◦58′55.22′′ N to 31◦29′44.07′′ N
(Figure 1). The region is encircled by the River Chenab on the western side and the River
Ravi on the eastern side. Safdarabad Tehsil is a part of Rachna Doab. The total explorative
area of Safdarabad Tehsil is 134.3 km2. Sand storms occasionally occur in the area. The
precipitation is 500 mm/year. The summer season starts from April and continuous until
October with a temperature range from 30 to 45 degree Celsius. The coldest temperatures
reach at least a median temperature of 5 degrees in winter (between December and January).
The area consists of alluvial sediments, and these alluvial sediments are derived from rivers
from the Himalayas in the northern area under investigation [27]. The River Chenab
shaped most of the investigative zone topography. The geology of Safdarabad is composed
of aeolian and thick alluvium deposits of dynamic flood plains and pediment deposits of
the quaternary period. In comparison to the surface runoff, the capacity for water to enter
the soil is higher. The stream direction of groundwater is south-east [28].
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Figure 1. A location of the study area in Safdarabad Tehsil, Punjab.

2.2. Dataset

The DRASTIC model is an empirical model that assesses the vulnerability of the
groundwater system centered on in situ hydrogeological data [29]. It can be used in
large areas due to its simple nature and low cost of application. The DRASTIC method is
an intrinsic vulnerability evaluation method for the common point count system model
(PCSM) and the parameter weighting method [16]. This methodology uses the following
set of seven hydrogeological parameters: depth to the water table, net recharge, aquifer
media, soil media, topography, the impact of the vadose zone, and hydraulic conductivity.
These parameters have been divided into different ranges, and each parameter has been
assigned rating and weights. Relative weight was given by factors with regard to each other
in accordance with numerical scale 1–5 and showed the importance of each parameter. The
most vulnerable parameter is demonstrated by a higher value, while the least vulnerable is
indicated by a lower value. The range for an individual parameter was allotted a subjective
rating. The rating for each DRASTIC parameter was carried between 1 and 10. The most
vulnerable range of a parameter is reflected by a higher rating value [17,29]. The DRASTIC
model was utilized to yield a numerical index by summing up the product of ratings and
weights for seven parameters [30,31]. The final vulnerability map is based on a DRASTIC
Index (DI), which is computed by using Equation (1) [30]:

DI = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw (1)

where r and w denote the rating and weight, respectively (assigned to each parameter), D
is the depth to the water table, R is the recharge of network area, A is the aquifer media, S is
the soil media, T is the topography, I is the impact of the vadose zone, and C is the hydraulic
conductivity. A large DRASTIC index value indicates an increase in the probability of
aquifer contamination.

To find the groundwater recharge technique implemented from [32], the following
Equation (2) is used:

Net groundwater recharge = change in groundwater storage +
groundwater Extraction

(2)
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By adding base flow component of the run-off to the net recharge, the gross recharge
can be calculated. This method is more reliable since the involved parameters can be
calculated more precisely and accurately than other parameters such as evaporation and
evapotranspiration. The water level fluctuation height between post-monsoon and pre-
monsoon seasons is of more significance than the annual water level fluctuation height for
groundwater development and management purposes. These values therefore depict the
effective recharge of groundwater due to rainfall [32].

Background Sources and Preparation of Input Datasets

This study was based on GIS techniques to prepare and integrate data layers and
classify the vulnerability of the basin. The seven layers were converted to raster data
using ArcGIS after being converted into a compatible digital format and calibrated using
the WGS84-UTM coordinate system. All of the layers were classified, with relative rates
and weights allocated to each. The DI was then calculated, and the vulnerability map
was generated using hydrological field observations and investigations. The vulnerability
maps are the final results and indicate which areas of contaminated groundwater are more
likely to be contaminated than others. In Table 1, the input parameter map data sources
are shown.

Table 1. All of the parameters’ data sources are listed in this table.

S.No Parameter Source

1 Depth to water table Pakistan Council of Research in Water Resources (PCRWR)

2 Net recharge Rainfall Dataset from Pakistan Meteorological Department (PCRWR)

3 Aquifer media Soil Survey of Pakistan and Pakistan Council of Research in Water Resources (PCRWR)

4 Soil media Soil Survey of Pakistan and Pakistan Council of Research in Water Resources (PCRWR)

5 Topography SRTM DEM, Acquired from (https://earthexplorer.usgs.gov/, accessed on
26 December 2020))

6 Impact of vadose zone Soil Survey of Pakistan and Pakistan Council of Research in Water Resources (PCRWR)

7 Hydraulic conductivity Soil Survey of Pakistan and Pakistan Council of Research in Water Resources (PCRWR)

2.3. Vertical Electrical Sounding

Vertical Electric Sounding is a technique which uses direct current. In this method,
two current electrodes are injected into the ground and their potential is then detected by
two potential electrodes [33]. The array used for groundwater studies is the Schlumberger
array. In the Schlumberger array, the spacing between electrodes is directly related to the
depth of investigation [34]. The spacing between the electrodes for the current study was
300 m. The depth of investigation for the current area can be marked as AB/4, as explained
in the previous work done by [35] in the neighboring areas of the current study area. Thus,
the depth of investigation for the current region will be 75 m. The VES data is processed
by using IPI2WIN software, which gives the true resistivity values and the thickness and
depth of subsurface layers [36]. The software produces the subsurface resistivity curves
which gives us information about the true resistivity variation with the increase in depth.

The true resistivity values obtained after IPI2W processing are used for deriving the
Dar Zarrouk (DZ) parameters [37]. The DZ parameters help to identify the areas having
saline groundwater in the area [24]. The DZ parameters are defined in terms of transverse
resistance and longitudinal conductance. The longitudinal resistivity is also derived using
these values [38,39]. The transverse resistance is denoted by Tr and longitudinal resistivity
is denoted by ρL. The units of DZ parameters are Ωm2, mho and Ωm respectively.

Tr = hp (3)

ρL = h/Sc (4)

https://earthexplorer.usgs.gov/
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In which h is the thickness of the layer and ρ is the true resistivity of the layer, the
longitudinal conductance is denoted by Sc, and h is the total thickness of the layers. The
pseudo cross-section and resistivity cross-section are produced in the IPI2WIN software
for interpreting the subsurface lithology.

2.4. Electrical Conductivity (EC) and Total Dissolved Solids (TDS)

Due to the varying behavior of resistivity of subsurface material depending on the
injected current, the VES result cannot provide reliable results for groundwater exploration.
Various materials show varying resistivity to the injected current. This is the reason EC
samples of the freshwater from nearby tube wells need to be collected [25]. Both the
values of EC and TDS are used to identify the fitness of water for drinking and irrigation
purposes [40]. The EC data was measured by using a portable EC and TDS meter [41]. The
EC values were used in Equation (5) to get the total dissolved solids (TDS):

TDS (ppm) = 0.64× EC (µS/cm) = 640× EC (dS/m) (5)

The EC value will be multiplied by 0.64 if it is in µS/cm, and it will be multiplied by
640 if it is dS/m [25,39]. When the EC values are at least 5 µS/cm, Equation (5) will be used.
The accuracy assessment of this equation has been done [42] with a proper comparison of
these results with laboratory measurements. This is why this equation can be utilized to
obtain the TDS.

3. Results
3.1. The DRASTIC Parameters

The seven thematic maps are produced as a raster grid. The DRASTIC values rates and
weights for the study region are shown in Table 2. These rates and weights were well defined
by the Delphi method [43] and are used globally [44]. The scale of risk established is generic
rather than site-specific. The following features are included in the DRASTIC parameters.

Table 2. Weights and ranges allocated to various factors used in the contamination vulnerability
assessment [45,46].

Parameter Range Rating Weight

Depth to water table (m)

<40 9

5
40–60 7
60–80 5

80–100 3
>100 1

Net recharge (mm)

>80 9

4
60–80 7
40–60 5
<40 3

Aquifer media Sand 8 3

Soil media

Sandy loam 8

2
Loamy 7

Clayey soil 5
Salt affected soil 4

Topography

<5 9

1
5–10 8
10–20 6
20–40 4
>40 2

Impact of vadose zone Sand 7 5

Hydraulic conductivity

>200 9

3
150–200 8
100–150 6

<100 4
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Table 2 shows the interval, weight, DRASTIC, and consequent water depth index.
The water table depth is very important in terms of determination of the factors influ-
encing groundwater vulnerability against pollutants since it is basically the indicator of
the distance needs to be covered before inflowing to an aquifer. Table 2 demonstrates the
proportional importance of water depth [45]. Lower ratings thus indicate deeper and less
contaminating groundwater levels [18].

3.1.1. Depth to Water Table

The profile of the water table refers to the distance between the ground surface and
the water table. It is a key parameter and defines the extent of a medium by which the
water infiltrating, or percolating must move before reaching the water that is soaked [47].
For a deeper water table, the processes of diminution can be implemented to eliminate the
contamination by providing the contaminated water with soil media with an adequate
elapsed time. The depth to water table was acquired from randomly distributed eight wells
in our study area and kriging interpolation was used. The groundwater level in Safdarabad
Tehsil varies from depth of under 40 m in the sub-surface to a depth of more than 100 m,
as portrayed in depth to water table map (Figure 2d). It has been allotted a maximum
weight of five according to [48]. It is then reclassified into five classes (<40, 40–60, 60–80,
80–100, and >100) and assigned a rating of 9, 7, 5, 3, and 1, respectively. Table 2 shows the
interval, rating, and weight of the water table depth. Due to the shorter distance involved
in travelling before reaching the water table, the shallow water table zone is vulnerable to
pollutants. Thus, the higher the water table the higher the value. Table 1 shows the drastic
parameters together with their scope, rating and weight.

3.1.2. Net Recharge

Net recharge refers to the amount of water flowing through the water table. In the
movement of groundwater pollution, it plays an essential role. Safdarabad lies between
the east of the Ravi River and the west of the Chenab River. The aquifer is recharged
from the rivers Chenab and Ravi, where the river Chenab is the main contributor to the
water recovery. Net recharge would ease the migration of pollutants to spread to the water
table under the influence of gravitational force. The dilution and dispersal of pollutants
rely significantly on net recharge. For this reason, a greater net recharge corresponds to a
higher vulnerability to groundwater contamination. Net recharge values were acquired
from water tables data and the kriging interpolation method was used. Net recharge was
given a maximum weight of four and was categorized into four classes (<40 mm/year,
40–60 mm/year, 60–80 mm/year, and >80 m/year) and were assigned a recharge rate of 3,
5, 7, and 9, respectively. The net recharge is charted and shown in Figure 2b.

3.1.3. Aquifer Media

A body of saturated rock is defined as an aquifer providing significant amounts of
water to be used. The aquifer media refers to the unconsolidated rock with its capacity
to store water [49]. The aquifer medium monitors the flow rate, nature and contaminant
contact rate in the aquifer and give valuable insight into the likelihood that a reduction
of the contamination process will occur. The aquifer containing larger grain size, high
void ratio, and more fractures have higher permeability which results in lower pollutant
attenuation capacity that, being so, leads to greater contamination potential [50]. Thus, the
coarser medium was given a higher rating value. The only lithological component in the
exploration area of the aquifer is sand (which is 8) and the weight of the aquifer media
(which is 3), as shown in Table 2. It has been portrayed in Figure 2f.
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3.1.4. Soil Media

Soil media is considered the uppermost weathered portion over the vadose zone [17].
This has a major impact on the quantity of recharge and the transport of contaminants
into the groundwater. Silt and clay materials with finely textured materials have lower
relative soil permeability with a delayed contaminant migration [46]. The region under
investigation comprises alluvial soil brought from the Himalayan Mountains by the rivers.
Four types of soil found in our study include salt-affected soil, clayey soil, loamy and sandy
loam having ratings of 4, 5, 7, and 8, respectively, and were assigned a total weight of 2.
Their visual presentation is illustrated in Figure 2a.

3.1.5. Topography

The slope and slopes availability of an area are referred to as topography. The topog-
raphy determines the rate of surface runoff or contaminant residence time on the ground
needed for the entrance into the saturated zone [48]. DEM for the study area had been
acquired for the topography of the intended area. Areas with mild slopes tend to reduce
surface runoff capacity, increase the likelihood of containment infiltration, and increase the
vulnerability to groundwater pollution. The ratings have been allocated on a standardized
scale of 1–10, with 10 assigned to the lowest slope and 1 assigned to the highest slope as
indicated in Table 2. The topology is divided into five classes (<5, 5–10, 10–20, 20–40, and
>40) with ratings of 9, 8, 6, 4, and 2, respectively. Topography has been given a weight of 1,
as shown in Figure 2e.

3.1.6. Impact of Vadose Zone

The vadose zone is the unsaturated surface layer above the water table. This layer has
an enormous impact on the groundwater pollution potential. Vadose zone effects are a
complex factor in controlling various physiochemical processes. The attenuating properties
are also based on material type in the vadose area and play an essential role in reducing
groundwater contamination [3]. The material forming the vadose zone of the pertaining
area constituted sand only and was assigned a rating of 7. The allocated weight for vadose
zone is 5 as shown in Figure 2g.

3.1.7. Hydraulic Conductivity

The aquifer’s potential for water transmission is measured by hydraulic conduction.
It controls the flow of groundwater, which controls the contaminant’s movement within
the aquifer. The saturation, intrinsic permeability, viscosity and material density depend
on this. An aquifer having high hydraulic transmission is more vulnerable to groundwater
contamination. Hydraulic conductivity was acquired from the borehole data. A weight of
3 was assigned. In four classes were categorized in the hydraulic values found in the area
of study: <100 m/d, 100–150 m/d, 150–200 m/d, and >200 m/d. The grades for hydraulic
conductivity in Figure 2c were 4, 5, 6, and 8, respectively.

3.2. DRASTIC Vulnerabilty Map

The input layers were integrated into a single DRASTIC risk map (Figure 3) to visualize
which areas in the Safdarabad area are more vulnerable to groundwater contamination.
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In Figure 3, we can see that in the south, southeast, and northeast, the study region
is highly vulnerable to pollutants. The groundwater vulnerability is classified into four
categories using the equal interval method based on their DI (DRASTIC Index) value. The
DI ranges from 60 to 180. The 60–90 DI values point to the lowest risk area, the 90–120 DI
to the low vulnerability area, 120–150 to a medium vulnerability area, and 150–180 to the
highest risk area. The higher indices reflect the higher relative potential of contamination.
The NE and SE areas are shown to be high values of the drastic index. This may also be due
to the presence of a recharge source in that area, which can increase hydraulic conductivity
and infiltration to the aquifers. This situation can be tackled by the proper implementation
of wastewater treatment policies in the area to save the precious fresh quality groundwater.

3.3. Interpretation of VES results

The VES data have been interpreted by using the geo-electrical parameters to identify
the saline water zone. The threshold values for these parameters in the current study area
are given by [25]. The groundwater will be saline if Tr < 700 Ωm2 and ρL < 15 Ωm. The
groundwater will be brackish if the values lies between Tr from 700 to 1700 Ωm2 and ρL
between 15 and 25. The freshwater is marked as having Tr > 1700 Ωm2 and ρL > 25 Ωm.
The geo-electrical parameters of our study area are presented in Figure 4.
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As shown in Figure 4a, the Tr shows the highest peak in the NE area, while Tr values
in the central and western areas are also high. In the SE area, the transverse resistance has
the lowest values indicating brackish water. From Figure 4b, we can find that the highest
values of longitudinal resistivity between 15 Ωm and 25 Ωm lie in the NE and northern
area, while the south-central and SW area show saline water zone as having longitudinal
resistivity values less the 15 Ωm.

3.4. Cross-Section Analysis

With the help of cross-section analysis, the subsurface lithology trend can be studied.
Khalid et al. (2019) has deduced the criteria to interpret the lithology. Referring to [51,52],
a set of specific values for every different type of lithology was defined as in Table 3.

Table 3. Resistivity values versus lithology modified after [35,51,52].

S.No Resistivity
Zone

Apparent
Resistivity (Ωm)

Interpretation
Lithology

Ground Water
Potential Zone

1 Zone above
water Haphazard Surface Materials Low Potential

Zone

2 Medium
Resistivity Zone >25 Ωm

Medium to coarse sand
or Kankers Intermixed
thin Silty Clay layers

High potential
Zone

3 Low Resistivity
Zone 15–25 Ωm

Fine to medium sand
Intermixed with thin

Silty layers

Medium
Potential Zone

4 Very Low
Resistivity Zone <15 Ωm The admixture of fine

sand, clay, and silt
Low Potential

Zone

The hydrogeological conditions of the test area, as shown in Table 3, were used to
calibrate resistivity and lithology. The modeled VES curves were tuned and interpreted
using knowledge from the study area’s geology and borehole lithology. Depending on
moist conditions, sand resistivity is often greater than clay resistivity. Similarly, gravel
resistivity is greater than sand resistivity [53]. The pseudo cross-section of the area is pre-
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pared by using the IPI2WIN software and is shown in Figure 5. It provides an opportunity
to visually analyze the subsurface variations in the true resistivity.
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Figure 5. Pseudo Resistivity Cross section for A to A’ from Figure 4. The area in cross-section A to A’ shows high resistivity
zones even in the shallow depths. After approximately 110 m, the resistivity is increasing, indicating a good groundwater
potential zone having better quality water. The reason for high resistivity at these points corresponds to the presence of a
recharge source which is a canal in this case. The areas having recharge resources near to them will have not only shallow
water tables but also have good quality water [27].

3.5. EC and TDS Variation in the Area

The EC variation obtained from groundwater samples was recorded. The TDS was
also obtained by using Equation (5). However, the TDS values are only an estimation.
The detailed comparison of the TDS values obtained by Equation (5) with laboratory
measurements is made previously [26,43] with a 10 percent of accuracy. Table 4 gives the
degree of restriction for a quality water based on the EC and TDS measurements.

Table 4. Deduced from guidelines for interpretation of water quality for irrigation, modified from [54,55].

Potential Irrigation
Problem

Unit
Degree of Restriction

None Slight to Moderate Severe

EC µS/cm <1000 1000 to 2500 >3000
TDS mg/L <700 700–2000 >2000

According to the guidelines in Table 4, the study area shows two general areas. One
area has good quality water, which is not bad for crop production, and the other area
has water that has a slight to moderate effect on crop production. Figure 6 shows the EC
variation through the area with the specific depths of the bore of tube wells from where
water samples were collected.

Figure 6a shows that the quality of groundwater is better in the NE area. The moderate
values of the EC are observed in the rest of the area. The SE part contains the groundwater
having the highest EC values. The NE area can be termed as a freshwater zone, while the
rest of the area can be termed as brackish water as per guidelines by WHO 2008 [56]. In the
entire study area, the EC values fall under the criteria given in Table 4. Almost 70 percent
of the area has groundwater having a slight to moderate effect on crops. The groundwater
from these areas can be utilized for a specific type of crops. The depth of tube wells from
where water samples were taken is shown in Figure 4b.
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3.6. Comparision of DRASTIC and EC

The validation was done by calculating the statistical relationship, covariance, and
correlation matrix between DRASTIC results and EC. The higher correlation value indicates
the accuracy of the results. The statistics of EC shows a minimum value of 870.21, maximum
value of 1406, and a mean value of 1170.13. Standard deviation from the mean is 51.43.
The statistics of DRASTIC shows a minimum value of 60.12, maximum value of 180, and a
mean value of 97.72. Standard deviation from the mean is 11.44, as illustrated in Table 5.
The covariance matrix between EC and DRASTIC is 945.51, displayed in Table 6. The
correlation value between EC and DRASTIC is 0.712, as shown in Table 7.

Table 5. Statistics of individual layers.

Layer Min Max Mean STD

EC 870.21 1406 1170.13 51.43
DRASTIC 60.12 180 97.72 11.44
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Table 6. Covariance matrix between EC and DRASTIC.

Layer EC DRASTIC

EC 1753.54
DRASTIC 945.51 20,471.65

Table 7. Correlation matrix between EC and DRASTIC.

Layer EC DRASTIC

EC 1
DRASTIC 0.712 1

4. Discussion

In this study, different approaches have been used for the incursion of groundwater
vulnerability to contamination. The over-exploitation of human and natural resources of
freshwater mainly contributes to contaminated water intrusion. The traditional methods
for assessing fresh/saline water areas, including drilling, are costly, intrusive, cumbersome
and time-consuming, and hardly easy to employ on a large scale [25]. This is the reason this
study was carried out in the Safdarabad area of Punjab, Pakistan. This area is well known
for its agriculture and for the production of the best quality rice in Pakistan [57]. The VES
surveys have also been developed to evaluate the vulnerability of the soil to wastewater at
low depths, which may percolate through the top clay cap from the drainage networks. The
detailed investigation here includes resistivity tests integrated with the EC of groundwater
samples, correlated and tested DRASTIC results, and resistivity results. Their relationship
will help to assess the efficacy of the aquifer vulnerability index identified by the surface
resistivity survey since it requires less data and less processing steps, thereby saving time
and costs.

The results from the transverse resistance show the NE, North central, and NW areas
as freshwater zones having the highest values of transverse resistance. However, the peak
of the transverse resistance can be observed in the NE area, as in Figure 4a. The results
from longitudinal resistivity show that good quality groundwater can be found in the NE
and north central area since it shows high values of longitudinal resistivity at these points,
as in Figure 4b. However, the rest of the area falls in the low longitudinal resistivity zone,
making it fall under the category of saline water zone as per criteria by [58]. In the case
of the EC results, the NE areas depict the lowest values indicating the freshwater zone,
which does not have any effect on crops, according to Table 4. However the remaining
area falls into the category of water having a slight to moderate effect on crops and can
be termed as good for irrigation purposes according to the guidelines given by (WHO
2008) [56]. The groundwater in the NE area can also be utilized for drinking purposes after
proper laboratory measurement according to criteria set by WHO 2008.

The final groundwater vulnerability integrated map of the DRASTIC model is illus-
trated in Figure 3, with the most vulnerable zone situated in the eastern region. Overall,
the study area constitutes low vulnerability and covers 38% of the total area. The high
vulnerability region is mainly located in the groundwater recharge areas, which means
there is also high conductivity on the eastern side. This explains why the vulnerability
index for this area is high. These maps can be used for regional irrigation planning or to
determine the study area’s environmental vulnerability.

Shakoor [59] conducted a DRASTIC study in district Faisalabad. According to the
findings, approximately one-third of the groundwater in the study region is at high risk
of agricultural contamination, while nearly half of the aquifer is moderately vulnerable.
High vulnerability zones are primarily found in high recharge zones, at lower depths,
and in the sand medium. These same crucial factors are also dominated in our research
area due to the close vicinity of Faisalabad with our study area geographically. Similarly,
Kadkhodaie [60] found that the aquifer media and vadose zone have a significant influence
on the Shabestar plain aquifer’s intrinsic vulnerability in NW Iran. Pacheco [61] mentioned
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that the one main factor for regulating inherent vulnerability within continental Portuguese
territory is groundwater depth. Based on the above results and discussion, the DRASTIC
method is adequate for vulnerability mapping in this area. The VES and EC methods,
as well as the DRASTIC model, are used in our current analysis, giving it an advantage
over other studies. The VES and EC identify the freshwater body and assess the variation
in groundwater quality in the region in terms of salinity changes. It also monitors the
interface of fresh and saltwater. The DRASTIC model provides an overview of possible
vulnerable areas.

For the DRASTIC Model, the EC was used for correlation and to validate the DRASTIC
results. The statistical relationship, covariance, and correlation matrix between DI and
EC is illustrated in Tables 5–7. The covariance matrix shows that EC and DRASTIC are
positively related and the correlation matrix between EC and DRASTIC shows positive
correlation.

5. Conclusions

It is worth noting that our methodology suggests an approach to conducting a more
comprehensive comparison and correlation between the VES, EC, and DRASTIC. The study
was conducted using the DRASTIC model to evaluate the quality and the vulnerability of
groundwater in Safdarabad by VES modelling. These two approaches allow us to update
different parameter maps so that vulnerability zones can be classified for groundwater.
In the DRASTIC vulnerability map, the results of the study are based on the standard
DRASTIC model and distinguish between four groups of DRASTIC indexes: very high,
medium, low, and very low contaminant susceptibility. The results from the VES and
EC assessed the groundwater quality variation in terms of salinity changes in the area.
Overall, the comparison of results reveals that the NE areas having fresh water are on
a great verge of contamination due to the highest drastic index values at these points.
However, the SE area has saline water and falls in the highest drastic index area. The rest
of the area in NW and SW falls in the low drastic index area making it less vulnerable to
contamination. However, the quality of groundwater in these areas, according to VES and
EC results, falls in the brackish water zone. Overall, a comparison of the findings of the
VES, EC, and DRASTIC shows that regions with decent groundwater quality are on the
brink of contamination and need attention. The validation of DRASTIC and EC show a
nearly positive correlation. There is a need for proper wastewater management policies
to be implemented, and there is a direct need to install wastewater treatment plants in
these areas.
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