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The Study area lies in the southern Kohat deformed fold and thrust belt. This part of
the Kohat plateau, borders the southern extension of the Himalayan deformation,
with the Salt range to the south most. The research is based on DRASTIC model.
Anthropogenic activities have the potential to pollute groundwater. An essential
component of managing groundwater is vulnerability mapping. This study used the
DRASTIC model to analyze aquifer vulnerability and identify the hydrogeological
condition in the southern portion of the Karak, Khyber Pakhtunkhwa. For the models,
the information layers were provided via geographic information systems (GIS).
The DRASTIC model uses seven environmental parameters. Vulnerability index
concentrations were found to be 0.78% for Very Low vulnerability, 9.57% for Low
vulnerability, 24.96% for Moderate vulnerability, 54.01% for High vulnerability, and
10.68% for Very High vulnerability, according to the results. A total 164.446 km?
of the total 1,540 km? area is covered by the Very High vulnerable zone. The
highest Nitrate concentration recorded in the area is 11 ppm and lowest is 4.4 ppm.
Around 45% of the samples surpassed the approved limit of PSQWA (Pakistan
Standards and Quality Control Authority) and NSQWQ (National Standards for
Quiality of Water) standard. The concentration of Nitrate >10 ppm represent that
some human action has contributed toward the highest concentration.

KEYWORDS

groundwater pollution, contamination, groundwater vulnerability assessment,
DRASTIC model, geographic information system (GIS)

1 Introduction

The most crucial resource for life on Earth to survive and flourish, according to Kahlown
etal. (2005) is water. There is no denying that subsurface water reservoirs are among the most
important and necessary sources of freshwater on the planet (Madsen, 1995). Groundwater
resources are more severely impacted by pollution than surface water resources because of the
relatively tighter regulation of pollution on them, and as a result, they are rapidly running out
of water. Groundwater is regarded as a “major drinking water resource” because of its low
susceptibility to contamination (EPA, 1985). Though it is nearly impossible to estimate the
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precise volume of subsurface water present in aquifers all over the
world, a rough calculation indicates that the planet’s reservoirs hold
between 15.2 and 60 million cubic meters of water. The amount of
fresh groundwater in this system, according to Mishra (2023), is
between 8 and 10 million cubic meters, with the remaining volume
being brackish and salty. Given its accessibility and superior quality to
surface water, groundwater is crucial for daily activities. In daily life,
groundwater is used for many things, including domestic, industrial,
and agricultural uses. This transforms it into a tactical resource.
According to Abbas et al. (2012) 4,430 km® of groundwater is
pumped out of the earth each year, with about 70% of that volume
being used for agriculture. The remaining 25 and 5% of the pumped
groundwater are used for domestic and industrial purposes,
respectively. The combined annual withdrawal across the globe,
according to Eurostat data from 2011, is estimated to be around
1,000 km3 (or 22% of all groundwater pumps globally). Nearly 2
billion people are thought to rely solely on groundwater resources for
their daily needs. The needs of nations all over the world are met by
273 of these groundwater resources that cross national boundaries
(Richts et al., 2011). According to a UN report from UNDESA and
UNECLAC (2015), the planets population, which was estimated to
be 6.9 billion people in 2010, is growing quickly and is anticipated to
reach 8.3 billion people by 2030. There is no proof that socioeconomic
or ecological factors will have an impact on that number, and rapid
population growth puts the world’s freshwater reserves beneath the
earth’s surface in grave danger. Subsurface water supplies are burdened
and pressed by industrial growth, urbanization, and agriculture, which
lessens their overall dominance. The primary source of fresh water,
groundwater, is used to supply a variety of domestic, commercial, and
agricultural needs. There are more aquifers in that region that are
susceptible to groundwater pollution from anthropogenic, domestic,
industrial, and agricultural activities, all of which have a short-term
impact on the water. Remediation is a pricy and difficult task to
prevent long-term losses or damages from groundwater contamination
(Secunda et al., 1998). Globally, the quality of subsurface waters has
significantly declined as a result of accelerating industrialization,
urbanization, and anthropogenic pressures (Khatri and Tyagi, 2015).
In addition to harming direct and indirect ecosystem processes,
subsurface aquifers with contaminated groundwater disrupt the
ecosystem and pose a health risk (Danielopol et al., 2003). Chemical
(chloride, nitrates, sulfates, etc.), physical (turbidity, odor, taste), and
biological (e.g., bacteria) factors are just a few of the many causes of
groundwater contamination. We must consider all the major
contributing factors, such as chemical, physical, and biological factors,
when evaluating the quality of subsurface water (Alley, 1993). The
chemical factor has become more important in groundwater quality
development as a result of the increased penetration hazards, ease of
pollution, and various anthropogenic activities that result in a
significant amount of harmful and poisonous chemical elements being
discharged into groundwater. The management of subsurface water
places more emphasis on these chemical parameters. When
groundwater is supplied to homes and used for drinking water while
containing hazardous materials, inorganic contaminants, and heavy
metal residues, human lives are put in danger. Due to poor
management practices and drinking water evolution, infections linked
to contaminated groundwater are frequent in developing and third
world nations. According to estimates from the WHO (2008), about
3.3 million people die each year in third-world nations due to
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insufficient access to clean water, unsanitary living conditions, or poor
sanitation systems. A large portion of these deaths are thought to
be caused by drinking subsurface water that has been contaminated
with pathogens. Since underground aquifers are more prone to
contamination than surface-water bodies, this fact primarily
contributes to diseases linked to groundwater. Subsurface water is
regarded as a reliable water source in Pakistan. In addition to drinking
water and farming, it is used in a number of different industrial fields.
About 35% of what is needed for agriculture comes from groundwater.
Furthermore, it is acknowledged that underground water is one of
Pakistan’s most important sources of drinking water (Daud et al.,
2017). Population growth brought about unexpected and ill-managed
urbanization, industrialization, and agricultural development.
Pakistans groundwater quality is in danger due to these adverse
consequences of the growing population. Due to the unchecked
disposal of sewage, industrial, and solid wastes as well as the use of
insecticides, herbicides, and chemical fertilizers in agriculture, it is
now more likely that groundwater will become polluted. According to
Kurwadkar et al. (2020) numerous shallow aquifers, particularly in
urban areas, are reportedly affected by the widespread groundwater
pollution caused by sewage dumping in Pakistan. In the nation’s major
cities and metropolitan areas, industrial waste is the main cause of
groundwater contamination. Groundwater in industrialized areas and
states like Lahore, Gujranwala, and Faisalabad is susceptible to
pollution because of the large amount of unprocessed toxic waste
present. Additionally, the drinking water of the locals is contaminated
by waste from nearby industries like textile, sporting goods, tanneries,
paper, pharmaceuticals, leather, and chemical (Mahmood etal., 2011).
The groundwater in the Karak region has been contaminated by the
toxic waste from numerous businesses.

The health of people is impacted by the decline in groundwater
quality and quantity, which also disturbs the natural equilibrium of
every biota. Several organizations have already started. They take
groundwater pollution very seriously and work to mitigate its effects
for the benefit of society (Li et al., 2012; Mogaji et al., 2013; Yin et al.,
2013; Wu et al,, 2014; Jin and Ray, 2014; Shabbir and Ahmad, 2016;
Tan and Duan, 2017; Koztowski and Sojka, 2019; Li and Merchant,
2013). Subsurface water must be protected from contamination by all
necessary precautions because it serves as the primary source of
drinking water for the majority of people on earth. Additionally, the
likelihood of contamination must be assessed (Dixon, 2005; Huan
et al., 2012; Neshat et al., 2014; Pacheco et al., 2015; Shahzad et al.,
2018; Mohan et al., 2018).

In the Karak district of Khyber Pakhtunkhwa, Pakistan, managing
groundwater resources poses a considerable challenge due to multiple
concerns regarding water quality. Javed et al. (2019) indicated that the
groundwater in this area is largely impacted by high levels of sodium
(Na*) and chloride (CI7), resulting in 84% of the samples being
deemed unsuitable for drinking according to WHO standards.
Additionally, the study observed that groundwater quality varies
spatially, with the majority of samples falling under the C3-S2, C4-S2,
and C3-8S3 classes, which reflect differing levels of salinity and sodicity
that affect agricultural effectiveness. This situation is further
complicated by contamination from heavyTamil Nadu, India, but also
discov metals, as highlighted by Khan et al. (2021a, 2021b), who
discovered that groundwater in Karak contains elevated concentrations
of lead (Pb), silver (Ag), iron (Fe), and chromium (Cr), which pose
further health hazards. Furthermore, the impact of tectonic activity is
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an important yet under-researched aspect of groundwater quality.
Khattak et al. (2014) noted that radon levels in drinking water sources
within the Karak Thrust region often exceed the EPA’s recommended
safe thresholds, raising concerns about potential long-term health
implications. Besides the quality concerns, fluctuations in water table
depth have been recorded, with certain regions, particularly around
Sur Dag and Takht-e-Nasrati, showing a downward trend, largely due
to excessive extraction (Khan et al, 2021a). The overall rise in
groundwater withdrawal, combined with insufficient recharge,
intensifies these issues, indicating that sustainable groundwater
management practices, such as constructing small dams for aquifer
recharge, are essential for maintaining the long-term availability of
groundwater resources in the district.

The methods and models used to assess the vulnerability of
subsurface water contamination include GOD, SINTACS,
MODFLOW, and DRASTIC. This study involved identifying areas
that are vulnerable to contamination and used the DRASTIC model,
which is based on GIS (Akib et al., 2013; Guler and Ali, 2013; Neshat
et al., 2014; Ghosh et al., 2015; Pacheco et al., 2015; Feola et al., 2015;
Baghapour et al., 2016; Qadir et al., 2016). The GIS-based DRASTIC
model, developed by the United States Environmental Protection
Agency USEPA (1994) of the USA, provides support for the
assessment of groundwater vulnerability assessment and mapping on
a global scale (Sener and Davraz, 2013; Ghosh et al., 2015). The
acronym DRASTIC, which stands for “Disruptive, Rapid, and
Strategic,” is made up of the first seven letters of the word. The
elements are (D) water table depth, (R) net recharge, (A) aquifer
media, (S) soil media, (T) topography, (I) vadose zone impact, and (C)
hydraulic conductivity. The DRASTIC model includes a ranking
scheme. Any hydrogeological setup can be given a numerical value by
using weights, ratings, and rankings with an additive model to
determine susceptibility to groundwater effusion (Jama et al., 2018; Jin
and Ray, 2014; Koztowski and Sojka, 2019; Shahzad et al., 2018; Yin
etal., 2013).

The DRASTIC model was chosen for this research because it is
well-suited to the hydrogeological and environmental conditions
present in Karak District. In comparison to other models such as
SINTACS (Subjectivity, Uncertainty, and Numeric Theme for assessing
vulnerability of aquifers to surface contamination), AVI (Aquifer
Vulnerability Index), or GOD (Groundwater Occurrence, Overlying
Lithology, and Depth to Water Table), DRASTIC strikes a good
balance between simplicity and depth, making it effective for
evaluating groundwater vulnerability in semi-arid regions like Karak.
The inclusion of seven environmental parameters in the model
corresponds effectively with the varying topography, soils, and aquifer
characteristics observed in the study area, ensuring that essential
factors influencing groundwater vulnerability are considered.

Furthermore, DRASTIC’s GIS-based application facilitates
detailed spatial mapping of vulnerability, which is crucial in light of
the differences in groundwater recharge and contamination risks
throughout the region. The model’s standardized framework for
weighting and rating, although recognized globally, was also a suitable
choice due to the accessibility of the required data and the scale of the
study area.

In the southernmost region of districts Karak Khyber
Pakhtunkhwa Pakistan’s, this research was conducted. The main
objective of this study is to use the GIS-based DRASTIC model to
address groundwater pollution issues. Investigate how the influencing
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factors affect how sensitive the groundwater is to pollution. To address
this, information has been gathered from a variety of private, public,
and semi-public organizations. After going through a quality check,
the data was integrated into ArcGIS to produce thematic maps of the
DRASTIC model’s components. Finally, a map of the groundwater
vulnerability index has been developed. The results of this study have
been calibrated using the field data on groundwater nitrate
concentration. The results of this study will be used to manage
groundwater resources and identify potential groundwater risk areas.
This map will help administrative department’s better serve the public
and supply them with clean groundwater in the future by lowering the
threat posed by polluted aquifers.

The Karak district was chosen as the focus area for DRASTIC
modeling because of its distinct hydrogeological and environmental
traits. This region primarily experiences arid and semi-arid conditions,
resulting in scarce groundwater resources essential for agriculture,
drinking water, and domestic uses. The rising human activities,
including urban expansion and intensive agriculture, significantly
threaten groundwater quality. Despite the critical nature of these
resources, there is insufficient comprehensive research on groundwater
vulnerability in the district, resulting in a lack of understanding of
potential contamination risks. Previous studies have not sufficiently
explored the combination of hydrogeological factors with
contamination indicators like nitrate concentration to support
vulnerability evaluations. By concentrating on Karak, this study seeks
to fill these gaps and provide a scientific foundation for sustainable
groundwater management and protective strategies that are adapted
to the district’s unique circumstances.

In other regions where the DRASTIC model has been
implemented, such as the Kherran Plain in Iran, our research reveals
a consistent trend of increased hazard in areas characterized by
shallow water tables, permeable soils, and significant human activity
(Kumar et al., 2009; Chitsazan and Akhtari, 2009). Simultaneously, the
study conducted in Kakamigahara Heights, Japan, emphasized that
net recharge and geological media are the two primary factors
influencing aquifer vulnerability, findings that align with our own
research (Babiker et al.,, 2005). This study not only supports the
conclusions drawn by Kumar et al. (2009) in Tamil Nadu, India, but
also discovered a notable correlation between nitrate concentrations
and zones of high susceptibility as indicated by the DRASTIC model.
Conversely, our analysis revealed that the relationship between nitrate
levels was more delicate, suggesting that the DRASTIC index
highlights local contamination rather than widespread pollution. This
difference underscores the need for susceptibility assessments to take
into account the unique hydrogeological and anthropogenic ecological
aspects of the specific area being investigated in order to accurately
create an effective risk map.

2 Study area

The district of Karak is situated in the Kohat Division of
Pakistan’s Khyber Pakhtunkhwa province (Figure 1). The study area
is situated in the westernmost region of the main Himalayan
foreland fold and thrust belt, the Kohat Plateau. The Kurram strike-
slip fault and the Indus River separate it from the Potwar plateau in
the west and east, respectively. Both the major boundary thrust in
the north and the Shinghar range in the south encircle it. District
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Location map of District Karak.
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Karak is comprised of three tehsils, which are further subdivided
into 23 union councils. Karak is a plain and hilly region that is 548
meters (1,798 feet) above sea level. In 1982, Karak was regarded as
a district.

The socio-economic conditions in Karak, shaped by local
industries and farming practices, have a direct impact on the quality
and availability of groundwater. In the beekeeping industry, for
instance, research conducted in Karak, Bannu, and Kohat shows that
many beekeepers are young and have limited educational
backgrounds, facing difficulties such as pest problems and diseases
(Jamil et al., 2023). These challenges, combined with a significant
reliance on groundwater, contribute to the overall water stress in the
region. The socio-economic effects of this water scarcity are significant,
as illustrated by a study on the repercussions of water crises in Karak,
which indicates that communities experience conflicts over water
allocation, forced migration, and economic difficulties, especially for
women who are tasked with water collection (Rasool et al., 2020).
Additionally, research on drinking water quality in the region indicates
that although many water sources meet safety regulations, some
contain higher levels of sodium and heavy metals like iron and
chromium, which could pose health risks (Ahmad et al., 2020). These
socio-economic and industrial dynamics highlight the intricate
connection between groundwater quality and the wellbeing of the
community, underscoring the necessity for holistic water resource
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management to enhance both human and environmental health
in Karak.

The Digital Elevation Model (DEM) of the Karak District reveals
a varied topography, with elevations spanning from 339 meters in the
low-lying areas to 1,474 meters in the highlands. The western and
central regions, which feature lower elevations, primarily consist of
plains and gently rolling terrains, whereas the rugged mountainous
landscapes are found in the higher elevations located in the eastern
and southeastern regions. The accompanying map (Figure 1) depicts
a clearly defined dendritic drainage system, where first-order streams
merge into higher-order streams, highlighting the impact of different
slopes and structural influences. The variability in topography
indicates that areas with high relief are more likely to experience
enhanced runoff, erosion, and sediment transport, while lower regions
may act as zones for sediment deposition. This varied landscape
significantly affects groundwater recharge, soil stability, and land use
planning, presenting vital considerations for hydrological and
geological research in the region.

Karak experiences a highly fluctuating climate throughout the
year, marked by hot summers and minimal annual rainfall, especially
in the Thal zone, which receives <500 mm of rain each year (Khan
etal, 2015). During June and July, temperatures can soar to 46°C, and
the predominantly sandy soil in this area is conducive to agriculture,
with crops depending on either rainfall or water from tube wells. In
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contrast, the northeastern Tehsil Karak receives annual rainfall
between 500 and 750 mm and is characterized by medium clay soil
(Khan et al., 2021b). These climatic and soil conditions are crucial in
influencing the agricultural potential and water availability throughout
the district.

The surface hydrology in Karak consists of seasonal flood streams
that flow during or following precipitation, especially during the
monsoon months of March-April and July-August. These streams
contribute to downstream flow, with annual rainfall serving as the key
source for aquifer recharge. The semi-arid region faces limited and
sporadic rainfall, concentrated in brief rainy periods, leaving the
majority of the year dry. High temperatures accompanied by heavy
rainfall frequently result in substantial water loss through evaporation

10.3389/frwa.2025.1540703

and runoff (Farid, 2019). Rainfall patterns indicate that 68% of the
annual precipitation takes place between June and November, with
summer rains being intense but short, in stark contrast to the
extended, low-intensity winter showers (Khan et al., 2021b). Summers
are characterized by extreme heat and monsoons in May and June,
while winters are extremely cold due to the influence of western
winds. The drainage system is predominantly active during flood
seasons, underscoring the significant role of surface hydrology in
regional water resource management.

The soil map of Karak District indicates the presence of two primary
soil types: clayey and loamy. Clayey soil is found mainly in the
southwestern and southeastern regions, where it retains moisture and is
suitable for water-demanding crops, though it necessitates adequate
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Flowchart of methodology.
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drainage (Hatiye et al., 2016). Loamy soil, which spans the majority of
the district, is highly fertile and accommodates a variety of crops due to
its balanced mix of sand, silt, and clay (Zhao et al., 2019). The
distribution of these soil types mirrors the area’s topography and climate,
influencing agricultural methods and water management strategies.

3 Materials and methods

DRASTIC modeling serves as a commonly utilized method for
evaluating groundwater vulnerability by integrating various

TABLE 1 Type and nature of data collected from various organizations.

10.3389/frwa.2025.1540703

hydrogeological elements to identify areas at risk. Just as climate
variations and shifts in land use influence environmental factors such
as temperature and air quality, DRASTIC sheds light on the
geographical differences in groundwater conditions. For example, the
analysis of precipitation and temperature trends in Patna Gupta et al.
(2022a) illustrates how evolving climatic patterns, including reduced
rainfall and increased temperatures, can affect local groundwater
conditions, potentially worsening vulnerabilities. In addition, the
anticipated rise in temperatures in the River Ganges basin due to
climate change may lead to alterations in groundwater recharge and
evaporation rates, affecting both groundwater quality and availability

Number Layer Data format Source/Organization
1 Depth to water table Field data, strata/lowering charts, MS excel sheet Field surveys, PHED
2 Net recharge TRMM raster data, land use shape file NASA, literature review
3 Aquifer media Well log, strata/lowering charts PHED
4 Soil media Map raster data Soil survey of Pakistan
5 Topography DEM SRTM
6 Impact of vadose zone Well log, strata/lowering charts PHED
7 Hydraulic conductivity MS Excel File PHED
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Depth to water table map of the study area.
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(Gupta et al., 2022b). Furthermore, shifts in land use, such as urban
expansion and deforestation, have been found to impact air quality
and local environmental health (Jodhani et al., 2024), factors that can
indirectly influence groundwater through modifications in infiltration
rates and contamination risks. The decrease in wetland areas in
Varanasi (Das et al., 2020) also underscores how changes in land use
and urbanization can diminish groundwater replenishment, which is
a crucial element in DRASTIC assessments. Additionally, research on
air pollutants (Srivastava et al., 2023) highlights how pollutants like
SO2 and NO2 may compromise groundwater quality through
acidification processes. By merging these environmental alterations,
DRASTIC modeling can aid in developing strategies to alleviate risks
and safeguard groundwater resources in an environment that is
rapidly evolving.

One of the most popular models for determining how vulnerable
groundwater is to possible pollutants is DRASTIC (Akhter and Hasan,
2016; Awawdeh et al., 2014; Fritch et al., 2000; Knox et al., 1993;
Nawafleh et al., 2011; Piscopo, 2001; Secunda et al., 1998; Tan and
Duan, 2017). The GIS-based DRASTIC method used seven
parameters, including hydraulic conductivity, aquifer media, soil
media, topography, net recharge, and groundwater table depth. Spatial
datasets are combined for each of these parameters (Navulur and
Engel, 1998). Each parameter is given a numerical rating in accordance
with Aller et al. (1987) and USEPA (1994). The DRASTIC model

10.3389/frwa.2025.1540703

specifies that each weight must be multiplied by each rating before the
results are added to produce the DRASTIC index (Knox et al., 1993).
Every parameter is categorized into separate groups, and each group
is assigned a rating based on how significant it is. These weights were
determined through expert opinion and a review of relevant literature,
adhering to established protocols (Aller et al., 1987). Greater weights
were given to depth to water, recharge area, and aquifer conductivity
because of their considerable impact on groundwater movement and
the transportation of contaminants. The other parameters received
weights based on their estimated importance within the study area.
The weights for each parameter were determined to be between 1 and
5, and the rate ranged from 1 to 10. According to Aller et al. (1987)
based on the relative significance of each parameter (Fortin et al.,
1997; Fritch et al., 2000; Jang et al., 2017; Knox et al., 1993; Mohan
etal, 2018). The region’s net recharge was determined in this study by
combining and analyzing data on the mean annual precipitation, land
use, and other variables. The DRASTIC Index is calculated using the
following Equation 1 (Nurfahasdi et al., 2023).

DRASTIC Index (DI) = Dr.Dw + Rr.Rw + Ar.Aw + Sr.Sw +
Tr.Tw + IrIw + Cr.Cw

1

D = Depth to the water table.
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R = Net recharge.

A = Aquifer media.

S = Soil media.

T = Topography.

I = Impact of Vadose Zone.

C = Conductivity of Water.

r = Rating.

w = Weight.

Each parameter is divided into classes, and each class is given a
rating based on its significance. The ratings range from 1 to 10, with
each indicating the relative susceptibility of the groundwater to
contamination. Different government, semi-government, and private
organizations provided various types of data for various parameters.
To gather data and to confirm data obtained from secondary sources,
thorough field surveys were conducted. The research utilized ESRI’s
ArcGIS 104 to digitize the maps, process the data through
interpolation, and create the final susceptibility map (Figure 2).

The factors and their corresponding classes are given weights
and ratings in this study based on the Delphi method. These ratings
have been used all over the world and are clearly defined. For the
purpose of determining the level of vulnerability, the Delphi
method considers the expertise and actions of experts (Khan et al.,
2016). Table 1 lists each DRASTIC factor’s data type, format,
and source.

10.3389/frwa.2025.1540703

3.1 Water table depth

The groundwater’s susceptibility to pollution is significantly
influenced by the depth of the groundwater table. Less
vulnerability to pollution results from a deeper water table, and
vice versa. In the research area of the district Karak has a water
table that is relatively deeper, with a range of 34-145 meters
(Figure 3).

3.2 Recharge

The net recharge makes it possible for pollutants to enter the
aquifer in addition to diluting the contaminant. As a result, the
susceptibility to contamination directly correlates with the amount
of recharge, with higher recharge resulting in higher ratings
(Abdullahi, 2009; Davis et al, 2002). The recharge was
calculated in this study by stacking the parts. Using information
on the study area, local precipitation, and land cover to perform a
weighted overlay analysis. Figures 2, 3 displays maps of mean land
cover, annual precipitation, and mean temperatures. The resulting
map shows that district Karak’s populated areas have a lower
recharge rate due to their buildup zones and slight elevation
(Figure 4).
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3.3 Aquifer media

In terms of aquifer media, permeability affects susceptibility to
pollution and vice versa. Aquifers with large grained sediment have
a greater propensity for pollution, whereas unfractured fine-grained
aquifers have a lower propensity for it (Hearne et al., 1992). The
aquifers in the study area have a relatively high permeability rating
(Figure 5).

3.4 Soil media

The vadose zone’s uppermost portion, known as the soil media, is
a crucial component because it acts as a barrier for contaminants on
their way to the aquifer. The loamy soil makes up the bulk of the
research area (Figure 6).

3.5 Topography

When determining the areas susceptibility to pollution, the
topography is crucial because it affects how quickly water runs off.
Water and consequently contaminants are retained for a shorter
period of time the steeper the slope (Figure 7).

10.3389/frwa.2025.1540703

3.6 Impact of vadose zone

The material in the vadose zone, which is situated between the
ground surface and the aquifer, can have a big impact on the
vulnerability assessment because it either limits the contamination or
makes it easy for it to pass. With increasing grain size, the water below
the vadose zone becomes safer (Figure 8).

3.7 Hydraulic conductivity

Hydraulic conductivity is the ability of aquifer rock to conduct and
pass fluid. Despite carrying somewhat less weight, it is still a significant
factor. The permeability of an aquifer determines its conductivity,
which in turn depends on the grain size; i.e., the hydraulic conductivity
will increase with finer grain size and vice versa (Figure 9).

In Figures 3-9 the spatial distributions of each parameter are
displayed. Table 2 lists the parameters’ ranges, rankings, and weights. In
order to determine the amount of nitrate, laboratory testing of water
samples was done. After that, a map (Figure 10) illustrating the
distribution of nitrate concentration was produced using interpolation
of the data. Arc-GIS was used to perform a weighted overlay analysis to
create a final DRASTIC index map using Equation 1. Figure 11 depicts
the DRASTIC index map. The DRASTIC index map was subsequently
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Topography of the study area.

calibrated with nitrate (Figure 12). This study utilized ESRI’s ArcGIS
10.8 to collect, present, extrapolate from, and analyze the information
gathered from various sources. The WGS 1984 projection system was
used to create each map in ESRI's ArcGIS software.

4 Results and discussion

Southern Karak District has a DRASTIC vulnerability index. Data
were then interpolated following that. Modifications were made to the
GIS-based DRASTIC as is customary. In past studies, the GIS-based
DRASTIC model frequently had aquifer or environmental parameters
added to it or subtracted from it, depending on the specific research
objectives and study themes. Changes to ratings and the addition of new
parameters are the key modifications. Rather than the customary classes,
the vulnerability index values in this study were divided into five classes:
very low, low, moderate, high, and very high. The map of the DRASTIC
index uses nitrate concentration as its reference point. A map of the
research area is needed to measure the impact of anthropogenic
activities and to portray pollution susceptibility more accurately.

The results showed the DRASTIC index values ranging from 325
to 950. A lower DRASTIC index value means that pollution is less
likely to occur. According to Table 3, there are five categories for the
DRASTIC index values: Very Low, Low, Moderate, High and Very

Frontiers in Water

High. The values of the DRASTIC index can be categorized using a
variety of methods, such as classification based on a histogram’s
valleys (Kumar et al., 2016, 2017a, 2017b, 2020), quantile classification
(Rahman, 2008), and using natural breaks, Jenks, to classify the values
of the DRASTIC index (Kumar and Pramod Krishna, 2019). However,
classes in this study were split into equal intervals (Kaliraj et al., 2014;
Magsoom et al., 2020; Rajput et al., 2020).

A large section of the study area is covered by the highly vulnerable
zone which 831.795 square kilometers and it captivates 54.01% of the
total area of the study area. On the DRASTIC index map, the Very Low
vulnerable zone is less evenly distributed and takes up 16.06 square
kilometers less territory. Which make up 0.78 percent of the entire
region. The Low vulnerable zone covers 147.359 square km area which
is 9.475 of the total area, Moderate zone covers 384.327 square km area
which is 24.965 of the total area and the Very high vulnerable zone covers
164.446 square km area which make up to 10.68% of the total study area.

The most significant factor in the research area is the depth of the
water table. In the study area, the water table is at its deepest point
(450 feet). When the water table is deeper, the region is less vulnerable
to contaminants seeping below. The research region receives very little
recharge, which lessens its susceptibility to contamination from the
surface. This is the second important component. Due to the
investigated area’s high level of impermeability, pollution is less likely to
affect it. The area’s fine particles coat the surface and keep contaminants
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from penetrating. The minute grain-size particles filter the water and
stop pollutants from flowing downward. The area is generally
unpopulated, lies in a medium-vulnerable zone, has a shallow water
table, is clayey on the surface, and has a small amount of soil. Low
permeability causes a contaminated particle to migrate only little
downbhill. Large, extremely porous sandstone and gravel particles make
up the aquifer media in this zone, which can allow for groundwater
contamination. The high sensitivity is caused by a number of variables.
One of the main reasons for the high vulnerability zone is that it receives
a lot more recharging than other research locations. These areas also
have strong vadose zones, high hydraulic conductivity, and very
permeable aquifer media. These factors make the area more vulnerable,
based on the weight and rating that each range is given. Even though
this zone’s slope is fairly steep, Aller et al. (1987) gave it a minimum
weight of “1,” therefore it is insufficient to reduce susceptibility.
Human activities like intensive farming, inadequate waste
management, industrial processes, and urban development can greatly
affect groundwater quality by contaminating it with pollutants including
nitrates, pesticides, and heavy metals. Human activities like extensive
farming methods, inadequate waste management, industrial operations,
and urban development can greatly affect groundwater quality by
releasing contaminants such as nitrates, pesticides, and heavy metals.
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Most studies either employ a map of annual precipitation or a map
of the distribution of rainfall (Ghosh et al., 2015; Kumar and Pramod
Krishna, 2019; Saha and Alam, 2014), in order to compute recharge.
According to some studies (Awawdeh et al., 2014), the Net Recharge
can be calculated using rainfall patterns and soil permeability. The
DRASTIC index map and information on land use and land cover are
sometimes combined to create updated DRASTIC maps (Awawdeh
et al., 2014). However, in this study, the land use map is combined.
Because of the importance of both of these factors in influencing how
much an aquifer recharges, net recharge can be computed using mean
annual precipitation.

To reduce risks in areas with high vulnerability, it is vital to employ
strategies that are both targeted and specific to the context. In regions
prone to groundwater pollution, the establishment of localized water
purification systems like reverse osmosis or advanced filtration methods
is essential for providing safe drinking water. Moreover, it is important
to implement controlled practices for groundwater extraction to avoid
further depletion and contamination of resources. The use of GIS and
remote sensing technologies can facilitate real-time tracking of
groundwater quality and levels, thus offering early warning systems for
potential risks. Additionally, enforcing more stringent land-use
regulations, especially in recharge zones, along with encouraging
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sustainable farming methods through incentives, will lessen the strain
on groundwater supplies. These approaches, customized to fit the
distinct conditions of each high-risk area, are crucial for effectively
addressing risks and fostering long-term water sustainability.

4.1 Correlation of the DRASTIC map with
nitrate concentration

A map (Figure 11) of Nitrate concentration was created to
calibrate and confirm the DRASTIC vulnerability map. Forty
samples from the study area’s accessible zone were taken and the
nitrate parameter was examined to create this map. The
permissible level established by Pakistan Standard Quality Control
Authority (PSQCA) and National Standard for Drinking Water
Quality (NSDWQ) is 10 ppm, but the average value over the entire
region is 8.67 ppm. The lowest and highest concentrations that
were measured were 4.4 ppm and 11 ppm, respectively. The
permitted limit of PSQWA and NSQWQ standard was exceeded
by about 45% of the samples. Figure 10 identifies the area of
district Karak where nitrate is concentrated. The Regression
analysis (Figure 12) showed a very weak correlation between
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DRASTIC model and the Nitrate concentration in the karak
region with the R* 0.058.

Nitrate concentrations more than 10 ppm indicate that human
activity has played a role in the highest concentration (Spalding and
Exner, 1993). After the preparation of both the DRASTIC index map
and the nitrate concentration map it showed that in the areas where
the nitrate concentration is higher the DRASTIC index values are
also higher in those areas.

4.2 Correlation of the DRASTIC map with
land use/land cover

To explore the relationship between Land Use/Land Cover
(LULC) and the DRASTIC index, a point sampling approach was
utilized. A series of points were randomly created within the study
region. For each point, the LULC category was identified by
superimposing the point onto the LULC map. After that, the relevant
DRASTIC index value was obtained from the DRASTIC index map
at each point’s location. The gathered LULC categories and
corresponding DRASTIC index values for all the randomly generated
points were then organized into a table.
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TABLE 2 The weight and rating assigned of each influencing DRASTIC
parameters.

Parameter ‘ Ranges ‘ Rating ‘ Weight
114-235 10
Depth to water table = 236-315 7 %
(ft) 316-395 4
396-476 2
High 10
Moderate 8
Net recharge 15
Low 6
Very Low 4
Boulder + Gravel 10
Boulder + Sandstone 8
Aquifer media Gravel + Sandstone 6 10
Sandstone 4
Gravel + Sand + Clay 2
Loamy Soil 8
Soil 15
Clayey Soil 3
0-6.06 10
6.07-13.4 8
Topography 13.5-22.2 6 20
22.3-32.8 4
32.9-64.4 2
Sandstone + Gravel 10
Boulder + Gravel + Clay 8
Vadose zone Gravel + Sand + Clay 6 10
Gravel + Clay 4
Clay + Sand 2
445-943 M/Day 10
Hydraulic 943-1,416 M/Day 8 o
conductivity 1,416-1,986 M/Day 6
1,986-2,492 M/Day 4

Based on the gathered data (Table 4), an assessment was
performed to comprehend the connection between land use/land
cover (LULC) and groundwater vulnerability. This assessment
included computing summary statistics (mean, standard deviation,
minimum, maximum) for DRASTIC index values corresponding to
each LULC category. The findings showed that crop areas had the
highest average DRASTIC index value, indicating a greater
vulnerability of groundwater. Urban regions also demonstrated
considerable vulnerability with a high average DRASTIC index. In
comparison, areas with tree cover had the lowest average DRASTIC
index value, suggesting a reduced vulnerability of groundwater.
Barren land presented an intermediate average DRASTIC index.
These results imply that crops and urban zones may necessitate more
rigorous land management strategies to reduce the risk of
groundwater pollution. Conversely, tree-covered areas could function
as a natural barrier, minimizing the risks associated with
groundwater pollution.
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The analysis indicates that among the land-use and land-cover
(LULC) categories, agricultural crops have the highest average
DRASTIC index value (838.93), indicating a relatively high vulnerability
to groundwater issues. Urban regions also show considerable
vulnerability with an elevated average DRASTIC index (809.41). On the
other hand, areas covered by trees have the lowest average DRASTIC
index value (587.82), implying they have a lower vulnerability to
groundwater issues compared to agricultural crops and urban regions.
Barren land presents a moderate average DRASTIC index (691.77).
These results imply that agricultural crops and urban areas may require
more rigorous land management strategies to reduce the risks of
groundwater contamination. Possible measures could include proper
waste management, regulated use of fertilizers and pesticides, and
rainwater harvesting techniques. In contrast, maintaining tree coverage
can serve as a natural barrier that lessens the risks of contaminating
groundwater. Therefore, it is advantageous to preserve and enhance tree
cover for the protection of groundwater resources.

4.3 Implications of the DRASTIC index map

The DRASTIC index map clearly showed that the water table depth,
slope, vadose zone material, presence of surface water bodies, and net
recharge are the main elements influencing groundwater vulnerability.
There are differences in these elements between the high and low
through the moderate index zones. Care must be taken when doing so
because it is normal practice in many places to dispose of waste and
effluents in surface water bodies, which are given higher indices and
provide an excellent recharge for groundwater. The most vulnerable
discovery was the discovery of the highly contaminated surface streams
in the Hattar area. The industrial garbage that was dumped there
poisoned the nearby waterway. The highlands, where there is more
precipitation and groundwater flowing from north to south, are where
the majority of recharge occurs in the research area. This further
demonstrates why the places on the map have a higher vulnerability
score. In light of this, it is suggested that improving the state of crises
should start with the more vulnerable places, particularly in the southern
regions where facilities like the Shanawa nuclear facility and the area
around it that are drained by those effluents. These further require
specific duties to use appropriate technological solutions for disposal of
these effluents in order to rehabilitate and recover the contaminated
ecosystem. Additionally, it is advised that efforts for health risk
monitoring be started right once to guarantee the safety of the areas and
the people who live there.

5 Conclusion

This research employed the GIS-based DRASTIC model to
assess groundwater vulnerability in the Karak District, indicating
that 54.01% of the land is classified as high vulnerability zones and
10.68% as very high vulnerability, primarily attributed to shallow
water tables, high rates of recharge, and permeable aquifer
materials. In contrast, areas identified as low and very low
vulnerability constitute only 9.57 and 0.78% of the region,
respectively, linked to deeper water tables and lower permeability.
These results highlight the urgent need for specific measures, such
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TABLE 3 Statistical distribution of the DRASTIC map.

DRASTIC index Area sq km Percent

325-450 Very Low 12.060 0.78
451-575 Low 147.359 9.57
576-700 Moderate 384.327 24.96
701-825 High 831.795 54.01
826-950 Very High 164.446 10.68
Total 1539.987 100.00

TABLE 4 Correlation of LULC with DRASTIC index.

LULC class Count Mean Standard deviation Minimum Maximum
Trees 10 587.82 117.12 41111 831.75
Crops 22 838.93 32.19 801.73 903.01
Urban 45 809.41 51.24 703.89 906.85
Barren 48 691.77 103.84 477.62 862.46

as encouraging sustainable farming practices, improving wastewater
treatment facilities, and enforcing land-use regulations to safeguard
recharge zones and reduce contamination risks from fertilizers,
urban runoff, and industrial waste. Although the DRASTIC model
offers a solid basis for vulnerability assessment, it has limitations,
including the omission of dynamic contamination sources and
reliance on indirect indicators of pollutants, which require
validation through direct monitoring of contaminants. Future
studies should integrate additional factors, like real-time data on
nitrate concentrations, and investigate machine learning techniques
to enhance predictive precision. The conclusions drawn from this
study provide a scientific foundation for effective policymaking and
sustainable management of groundwater resources that considers
the specific circumstances of semi-arid regions like Karak.
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