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Groundwater quality was investigated in three urban semi-arid multi-industrial
metropolitan areas i.e. (Hayatabad Industrial Estate, Peshawar (HIEP), Gadoon
Industrial Estate, Swabi (GIES) and Hattar Industrial Estate, Haripur (HIEH). The
main aim of the study was to determine their physicochemical parameters,
potentially harmful elements (PHEs) concentration, pollution sources and
public health risks in semi-arid multi-industrial metropolitan areas of Khyber
Pakhtunkhwa (KPK), Pakistan. The physicochemical parameters (pH, TDS and EC),
PHEs (Cd, Zn, Pb, Cr and Ni) concentrations and Mg in drinking water sources
were found within the permissible limits, except Fe, which exceeded the World
Health Organization (WHO) acceptable limit. Among PHEs, Zn had the highest
contribution rates of 69.6%, 58.2% and 67.64% in HIEP, GIES and HIEH,
respectively, while Cd showed the lowest contribution rates (3.15%, 1.98% and
2.06%) for HIEP, GIES and HIEH respectively. Principal component analysis (PCA)
showed significant correlations between parameters, with contributions of
industrial effluents and wastewater discharge (46.81%), mixed sources
(34.05%) and geo-genic sources (19.14%) for drinking water in the study area.
The carcinogenic risk (CR) for Cd, Cr, Ni and Pb, were foundwithin the acceptable
threshold value of 1 × 10−4. This study suggests that urban groundwater should
also be regularly monitored for PHEs contamination as over-extraction,
industrialization and informal E-waste recycling events surges the public
health risks globally, facing related environmental contamination difficulties of
the urban groundwater.
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Highlights

• The presence of potential harmful elements (Cd, Zn, Pb, Cr,
and Ni) in wastewater of three industrial estates and in local
ground water were assessed

• The quantity of harmful elements in ground water were
compared with WHO standards

• The antagonistic and synergistic effects of the mentioned toxic
elements on local ground water were summarized

• Recommendations were suggested for the mitigation of the
toxic effects of the potential harmful elements

Introduction

Contamination by PHEs has increased due to unplanned
urbanization and rapid industrialization, leading to adverse
health risks. The industrial revolution is responsible for severe
water contamination problems due to the discharge of potentially
toxic chemicals into the receiving water bodies (Hafeez et al., 2020).
Generally, PHEs originate from different heavy manufacturing
industries including metallurgy, electroplating, civil construction,
paint, and ceramic ware factories, and are regularly discharged into
the aquatic environment through industrial wastewater (Chandra
et al., 2017; Jordanova et al., 2018; Ullah et al., 2019; Hoang et al.,
2021; Roy et al., 2021; Xiao et al., 2021). Wastewater discharge from
industrial activities containing PHEs (Pb, Cr, Cd, Cu and Zn) heavily
deteriorates the drinking water quality (Sajjad et al., 2017; Yin et al.,
2018; Singh and Chandra, 2019; Kumar et al., 2020; Ghani et al.,
2022a; Ghani et al., 2022b), and causes severe environmental
impacts due to its bioaccumulation and high toxicity (Jia et al.,
2020; Xia et al., 2020; Zhang R. et al., 2020; Lv et al., 2021). Industrial
development has resulted in the discharge of PHEs into water
resources and the surroundings (Islam et al., 2015; Sanad et al.,
2021). Currently, metal smelting and other industrial activities are
major sources of PHEs worldwide (Qu et al., 2020; Sharma et al.,
2020). The paper manufacturing industries including writing paper
industries and hardboard waste discharge also contribute to the
release of various PHEs, mainly including Fe, Mg, Cd, Zn, Cu, Cr,
Ni, and Pb (Singh and Chandra, 2019). Other manmade sources of
PHEs include intensive agriculture practices, smelting and mining,
sewage sludge, landfills and municipal solid waste (Nawab et al.,
2018a; Nawab et al., 2018b; Nawab et al., 2019). Natural sources also
contribute to the release of PHEs which include cadmium (Cd),
chromium (Cr), nickel (Ni) lead (Pb), and zinc (Zn) to the
environment from the weathering of old rocks in addition to
volcanic eruption (Nawab et al., 2017; Nawab et al., 2018a; Liu
et al., 2020). These hazardous PHEs enter aquatic systems due to
industrial operational activities (Mahmoud et al., 2016). According
to the US Environmental Protection Agency (US-EPA), PHEs like
Cd, Cr, Pb, Ni and Zn are among the chemicals considered to be
high priority pollutants due to their high toxicity (EPA, 2014). Thus,
it is important to determine and mitigate the potential risk of PHEs
released from intensive industrial activities.

PHEs have been extensively studied as inorganic contaminants
due to their toxicity, persistent nature, and bioaccumulation in the
food chain, thereby imposing high human health risk worldwide
(Machado et al., 2017; Baken et al., 2018; Saleem et al., 2019; Ayejoto

and Egbueri, 2023; Boum-Nkot et al., 2023). PHEs such as Cd, and
Pb are among the hazardous chemicals having strongly toxic
characteristics (Souza et al., 2017). These PHEs enter the human
body through the exposure routes of water and food ingestion,
inhalation, and dermal contact with surface water (Tayebi and
Sobhanardakani, 2020). Pb poisoning may disrupt the central
nervous system and cause disorders of the kidneys and
gastrointestinal system (Palin et al., 2016), and Cd causes
emphysema, endocrine andoxidative damage, anemia, and
hypertension (Jain et al., 2015; Zhang et al., 2019). These lethal
PHEs are listed as adverse environmental endocrine disruptors by
the US-EPA, due to their disruptive endocrine-like properties (Kim
et al., 2015). Source identification and risk assessment of PHEs in
aquatic environments have been well-documented for industrial
estates worldwide, but the relationship between pollution sources
and health risks in drinking water sources is still unclear (Men et al.,
2020). Furthermore, it has been reported that in Pakistan, industrial
workers were incidentally visible to dermal uptake of toxic PHEs due
to the absence of irrigation safety procedures (Muhammad et al.,
2021). The high health risks posed by long-term exposure to PHEs in
drinking water sources cannot be ignored. Hence, it is necessary to
quantify the pollution sources of PHEs in less-studied industrial
estates and identify potential health risks posed to the residents in
the study area.

In the past, limited studies related to the health risks posed by
PHEs in drinking groundwater sources of industrial estates has been
conducted in developing countries such as in Pakistan. To fill this
research gap, a comprehensive scientific study of further research is
still needed to investigate the PHEs contamination in groundwater
and reduces its potential sources to minimize the health risks in
industrial regions via different exposure pathways (ingestion and
dermal contact) of drinking water. This research could provide a
deep understanding of scientific support to control PHEs
contamination in the context of improving healthy and stabilized
urban environments worldwide. The main objective of this study
was to assess the pollution levels of PHEs and their associated health
risks in the urban industrial estates of Hayatabad Industrial Estate,
Peshawar (HIEP), Gadoon Industrial Estate, Swabi (GIES), and
Hattar Industrial Estate, Haripur (HIEH). The objectives of the
study were i) to conduct physiochemical analysis and assess the PHE
concentrations (Cd, Zn, Pb, Cr, andNi) in industrial estates drinking
water sources, ii) to determine the contamination degree of drinking
water and the pollution sources of PHEs, and iii) to perform health
risk assessment (carcinogenic and non-carcinogenic) via different
exposure routes for local inhabitant adults and children.

Methods and materials

Study area description

The HIEP is in the northwest region of Peshawar on the main
Jamrud Road in Khyber Pakhtunkhwa (KPK) province, Pakistan
(Figure 1). HIEP comprises of 372 large installed factories, and
246 are currently working at full scale (Sarhad development
authority, 2016). The allocated main water drain passes through
the industrial area and carries the effluents produced by the HIEP in
Peshawar. The effluents are drained away into the main rivers close
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to the factories (Jan et al., 2010), which causes the water quality of
River Kabul to be deteriorated by industrial wastewater and affects the
quality of water used for fish farming and irrigation purposes (Inam
ullah and Alam, 2014). Gadoon Industrial Estate Swabi (GIES) is
situated in the Swabi district area of KPKprovince, at 72032’ 45” E and
3305’20” N at 328 m altitude above sea level. The GIES has about
310 operational industrial units. The urban industrial entities in GIES
usually discharge wastewater into the region without any proper
treatment. The industrial estate wastewater has been used for
irrigation purposes in adjacent agricultural fields, due to the
limited water supply (Muhammad et al., 2021).

The HIEH is in Haripur district of KPK province, at 72°51′8 E
and 33°51′71 N, as shown in Figure 1. The HIEH has a total of
215 industrial functional units, 69 units still under construction and
91 that are closed. Wastewater, solid wastes, and atmospheric air
pollutants are generated in functional industrial units, which are
thereby dumped and discharged into the surrounding environment
without any proper treatment (Khan et al., 2016). The local
population in the HIEP, GIES, and HIEH is dependent on the
use of groundwater and surface water resources. Therefore,
monitoring of drinking water resources is mandatory to control
pollution (Hussain et al., 2008).

Geology and hydrogeology of the study area

Peshawar city is surrounded by high mountains in the southeast,
southwest and in the west, creating a complex of metamorphic and
sedimentary rocks that are undulated and distorted. The study area
is surrounded by alluvial deposits, eroded from the adjacent
mountains. The west and southwest terrain is covered by sand
and cemented gravels in Peshawar, and water percolates through

these sediments to recharge the groundwater. The land surrounding
the mountains in the study area’s west, and south-west is porous and
significantly affects the recharge to the ground.

Based on their hydrogeological characteristics and borehole
drilling research, shallow and deep aquifers have been identified in
Peshawar District and have been defined as two hydrogeological units
(UPU, 2014). The depth of the groundwater table (aquifer’s depth) in
the district and industrial estate’s regions ranged from 210 m to 515 m
(Khan and Ali, 2019). The industrial estates (HIEP, GIES, and HIEH)
have natural surface drains and industrial effluents and wastewater,
release to nearby surface water bodies and resulting to reach the
groundwater. At the Dingi village, all of the natural drains carrying
hazardous substances from various industries like adjacent HEI
effluents enter the “Jari Kass” nullah. The main sources for
groundwater recharge near HIEP are the Rivers Kabul and Bara,
while the main source for groundwater recharge near GIES, and
HIEH is Tarbela Dam. However, the process is also aided by irrigation
canals, streams, and precipitation. The primary rivers of Haripur near
HIEH are the Dor and Haro Rivers, which are refilled by snowmelt,
rainfall and finally reach the groundwater system.

Drinking water sampling

A total of (n = 90) water samples were collected from
groundwater in polythene bottles in August 2020. The water
samples were collected from the industrial estates of HIEP (n =
30), GIES (n = 30) and HIEH (n = 30). The geological coordinates of
sampling locations of drinking water samples in HIEP, GIES, and
HIEH are presented in Supplementary Table S1. During sampling,
water was permitted to run for a while before the sampling collection
from targeted points, of specific regions in the industrial estates. The

FIGURE 1
Location map of the study area showing the different point of samples collection.
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polyethylene bottles were first rinsed with distilled water and after
drying it, water samples were collected in these. Prior testing for the
toxic metals, few drops of acid (HNO3, 0.5% v/v) were added to these
bottles. The collected water samples were filtered using Whatman
filter paper (0.45 μm). Samples were carefully sealed, labeled and
preserved following the procedures adopted by Muhammad
et al. (2021).

Sample analysis

The concentrations and physicochemical parameters and six
selected PHEs in the drinking water samples of all industrial estates
were analyzed by standard methods. The original water samples of
the industrial estates were directly used for the analysis of
physicochemical parameters. pH was determined utilizing a
digital pH meter (Model C93, Turnhout, Belgium), total
dissolved solids (TDS) by a TDS meter (Model S518877), and
electrical conductivity (EC) was measured using a conductivity
meter (Model HI98303). Standard solutions of corresponding
metals were arranged by diluting standard solutions of
1000 mg/L (FlukaKamica, Buchs, Switzerland). The samples
were analyzed for PHEs including cadmium (Cd), chromium
(Cr), magnesium (Mg), lead (Pb), zinc (Zn), nickel (Ni) and
iron (Fe) by graphite furnace atomic absorption
spectrophotometry (PerkinElmer, United States of America,
ASS-PEA- 700) in the Centralized Resources Laboratory of
Chemistry, in Kohat University of Science and Technology, at
Kohat Pakistan, using standard procedures adopted by Nawab
et al. (2016).

Quality assurance and quality control

For quality control of analysis of PHEs, atomic absorption
spectrometry (AAS) was calibrated with a certified standard
solution (1,000 mg L−1) of deionized water (DI) from Fluka
Kamica (Buchs, Switzerland). Sample analysis was done for PHEs
analysis in triplicates with normal and optimum conditions of AAS
with the error (>0.999). Recovery and reproducibility of all the
findings were detected at high assurance levels of 93 + 7 and 91 + 6.
Overall, mean results were found and used for the data analysis.
Grade analytical reagents (Merck, Germany) with the analytical
grade of spectroscopic purity (99.9%) were used to ensure overall
quality of the data. Clean glassware and new plastic items were used
and thoroughly washed with solution (10% HNO3) of DI water and
then dried in the oven. During analysis, 5 seconds of delay time was
used during integration in AAS. The reagent blanks samples, and
certified standards solution were used in different concentrations.
Calibration curves of multielement standard solution were prepared
after a dilution to μg/L levels.

Contamination factor

The point of PHE contamination can be determined for polluted
and background sites as defined by Hakanson (1980), which can be
calculated as;

CF � Cm
Cb

(1)

Where Cm represents the concentration of PHEs in water
samplesand Cb is the background PHE level. The observed CF
values show the contamination level of water samples, such as the
CF > 6: high level of contamination; 3 ≤ CF ≤ 6: significant high
contamination; 1 ≤ CF ≤ 3: moderate contamination, while CF < 1:
low contamination (Abdullah et al., 2011).

Pollution load index

The Pollution Load Index (PLI) specifies the whole pollution
level of PHEs in water bodies. PLI was evaluated for each industrial
estate site (Muhammad et al., 2011) by Eq. 2:

PLI � n
�����������������������
CF1 × CF2 × CF3 . . .× CFn

√
(2)

Where n indicates the number of PHEs, and CF shows the
contamination factor. The pollution level of the studied industrial
areas has been classified based on the background level to the high
polluted samples on the basis of the observed PLI values. A PLI
value > 1 indicates pollution, while a PLI value < 1 shows no or zero
pollution (Ranjan et al., 2016).

Water quality index

The water quality index (WQI) method used to determine water
quality of the industrial estates. It can be used to reflect the overall
pollution level of water bodies by evaluating the degree of PHE
pollution (WHO, 2017). WQI can be calculated by the following Eq.
3, followed by Ghani et al. (2022a):

WPI � 1/n∑n
i�1
PLI (3)

Where n is the number of total parameters and WPI can be
calculated to combine the contamination load of all contaminants with
the observed PLI value. The WPI classifies the water contamination
into four different classes, with WPI values (<0.5) representing
excellent water quality; WPI (0.5–0.75) directs good water quality;
WPI (0.75 and 1) specifies moderately contaminated water; and WPI
(>1) shows highly contaminated water (Hossain and Patra, 2020).

Principal components analysis multiple
linear regression (PCA−MLR)

PCA−MLR is a multivariate statistical technique that can be
used for PHEs source identification (Huang et al., 2021). It can be
used to extract the important factors from various parameters in big
datasets (Rashid et al., 2021), and can be also used to reduces and
convert the datasets into simple information by providing a
fundamental composition within the whole data. In the present
study, PCA−MLR was applied to extract the significant factors, with
the obtained eigenvalues (>1) and the total variance (>75%) (Wu
et al., 2014). PCA−MLR can be computed and expressed by the
following Eq. 4:
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y � bo + b1x1 + b2x2 +/ + bmxm + ε (4)
Where y signifies the dependent variable, x1 . . . xm represents

the independent variables. b0 . . . bm indicates the coefficients
regression and E shows the random error (Wang et al., 2020).

Correlation analysis

The correlation analysis was applied to find the relationship
among parameters on the basis of Pearson’s correlation coefficient
(Wu et al., 2014). Pearson’s correlation coefficient (r) can be
calculated by the given Eq. 5.

r �
∑n
i�1

xi − �x( ) yi − �y( )��������������������
∑n
i�1

xi − �x( )2
����������∑n
i�1

yi − �y( )2√√√ (5)

Where r is the correlation coefficient of the two variables (x and
y). The correlation coefficient (r) values are generally found in the
range from -1 to 1. r > 0 indicates a significant positive correlation
and r < 0 shows a negative correlation between the variables. While
r = 0 signifies no correlation among the variables. Overall, the results
of the correlation analysis show low, moderate, and high correlation
among variables.

Health risk assessment

The health risk assessment model was applied to measure the
carcinogenic as well as non-carcinogenic effects on humans contact
with PHEs, developed by the US-EPA (Zhang et al., 2021). The
present study divided the population into two different age groups
(adults and children) for accurate assessment of potential risks by
considering the variation in vulnerability rates.

Exposure assessment

The population (adults and children) can be exposed to toxic PHEs
by three exposure corridors, comprising inhalation, dermal contact and
through ingestion (USEPA, 1997). The average daily intake (DMI) was
calculated for ingestion and dermal contact, using Eqs 6, 7:

DMIIng � C ×
EF × ED × IngR
BW × ATnc

× 10−6 (6)

DMIdermal � C ×
SL × SA × ABS × EF × ED

BW × ATnc
× 10−6 (7)

where DMI is daily metal intake (μg/L); C is PHE concentration; EF
indicates exposure frequency (350 days/year for both the children
and adults, ED indicates the exposure duration (6 years for children
and 30 years for adults), IngR indicates the ingestion rate for adults
(100 mg/day) as well as children (200 mg/day), BW is the average
body weight (16.2 kg for children and 61.8 kg for adults), ATnc is for
the average time for non-carcinogens (ED×365 days for both the
adults and children), SL indicates the skin adherence factor (0.2 mg/
cm2 for children and 0.07 mg/cm2 for adults), SA is exposed skin

area (2800 cm2 for children and 5700 cm2 for adults), and ABS is
dermal absorption factor (0.001 (non-carcinogen) and 0.01
(carcinogen)) (USDOE, 2011).

Risk characterization

The non-carcinogenic risks (Non-CR) were identified for each
PHE by calculating the hazard quotients (HQ) (USEPA, 2007) with
the following Eq. 8:

HQ � DMInc
RfD

(8)

The hazard index (HI) was applied for the whole assessment of
non-carcinogenic risk posed by PHEs via different exposure
pathways. HI was determined from Eq. 9 (Xiao et al., 2020);

HI � ΣHQ (9)

Both the HI andHQwere used to calculate the non-carcinogenic
risk (Gu et al., 2016). HQ < 1 show no adverse health risk, while
HQ > 1 indicates adverse health consequences for the human
population. Likewise, HI ≤ 1 indicated as no significant risk of
non-carcinogenic effects. HI > 1 was defined as showing the
occurrence of non-carcinogenic affects, with the potential effects
increasing by the increasing of HI values.

Carcinogenic risk (CR) denotes the absolute likelihood of an
individual having cancer disease by adverse exposure to hazardous
pollutants in a lifetime, which can be calculated by Eq. 10 (Kumar
et al., 2019; Ghani et al., 2022b, 2022c). In CR calculation, CSF is the
cancer slope factor of the selected PHEs.

CR � DMIca × CSF (10)
Where CSF and reference dose (RfD) values of exposure

pathways for non-carcinogenic risk were used as the guidelines
suggested by the US Environmental Protection Agency (USEPA,
2010; USEPA, 2013), as shown in Supplementary Table S2. The
acceptable CR level for regulatory purposes in the proposed
guideline falls between 1 × 10–6 and 1 × 10–4 (Gu et al., 2016).

Statistical analysis

The obtained experimental information data was analyzed
statistically utilizing Statistix 10 (Analytical software, TN,
United States). Origin Lab (version 2018) was used to plot
graphs and pollution source parameters were studied using IBM
SPSS (version 20). Arc-GIS 10.6 software was used for the study area
location map.

Results and discussion

Physiochemical parameters and PHE
concentrations in drinking water sources

The descriptive statistical data of physicochemical parameters,
PHE concentrations, and contribution rates for the freshwater
sources in industrial estates are presented in Table 1 and
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Figure 2. Drinking water sources have neutral pH values varying
from 6.40 to 7.10 with an average of 6.68. Similarly, the pH values in
the present study were slightly alkaline and ranged from 6.60 to
7.60 and 6.70 to 7.40 with average values of 7.10 and 7.06 for GIES
and HIEH, respectively. These pH values depict the neutral to
alkaline nature of the drinking water sources (Talib et al., 2019).

The EC had low mean values of 245, 291, and 350 μS/cm, while
TDS concentrations were also observed to have low mean values of
317, 353, and 236 mg/L the drinking water sources of HIEP, GIES,
and HIEH, respectively. The values of EC and TDS are directly
proportional to each other (Liu and Liptak, 1999). Slight variations
in the EC, TDS and pH could be attributed to water-rock interaction
under the influence of anthropogenic activities, thereby leading to
the solubilization of salts and minerals (Ravikumar et al., 2011). The
parameters pH, EC, and TDS concentration were found to be within

the drinking water quality guidelines ofWHO (2011), PAK-EPA, US
limits, and Canadian limits (Supplementary Table S3).

PHEs had low to moderate concentrations in all drinking water
sources of industrial estates compared with previous studies, as
shown in Table 2. For instance, Zn had high concentrations ranged
from (13.3–122 μg/L) with a mean value of (83.7 μg/L) in HIEH,
while Cd showed the lowest concentration and ranged from 1.05 to
3.37 μg/L with mean value of 2.03 μg/L in HIEP. The Cd mean
concentration was found to be higher than in a previous study of
steel industries in Yazd city, Iran (Mousavian et al., 2017), and Uttar
Pradesh, India (Sharma et al., 2020). Among PHEs, Zn had the
highest contribution rates of 69.6%, 58.2%, and 67.64%, while Cd
showed the lowest contribution rates (3.15%, 1.98% and 2.06%) for
HIEP, GIES and HIEH, respectively as shown in Figures 2A–C. Zn
showed the highest concentrations among the PHEs in all industrial

TABLE 1 Descriptive statistics of selected parameters in drinking water sources of HIEP, GIES, and HIEH.

pH EC TDS Cd Zn Pb Cr Ni Mg Fe

HIEP

Minimum 6.40 154 206 1.05 30.5 2.10 2.90 1.90 10.8 15.5

Maximum 7.10 341 438 3.37 64.7 9.40 16.0 8.00 44.3 1441

Mean 6.68 245 317 2.03 44.9 5.86 7.25 4.49 26.8 342

SD 0.23 62.9 94.0 0.66 11.5 2.81 4.21 2.03 10.6 476

GIES

Minimum 6.60 250 190 0.32 19.6 3.20 4.00 1.70 15.3 41.9

Maximum 7.60 342 432 1.97 45.3 10.2 14.0 12.0 45.1 1723

Mean 7.10 291 353 1.01 29.8 6.11 8.74 5.57 28.1 379

SD 0.30 27.7 68.6 0.49 8.31 2.39 3.18 3.52 11.0 512

HIEH

Minimum 6.70 220 110 1.23 13.3 3.60 6.00 10.0 15.4 67.0

Maximum 7.40 456 376 4.94 122 14.0 22.0 32.0 48.8 2096

Mean 7.06 350 236 2.55 83.7 8.08 12.3 17.1 32.0 529

SD 0.20 82.4 86.3 1.02 34.7 3.45 4.71 7.67 10.9 638

WHO limits 6.5–8.5 1000 1000 3 3000 10 50 70 50 0.30

FIGURE 2
Contribution (percentage) of PHEs in drinking water sources of industrial estates (A) HIEP, (B) GIES, and (C) HIEH.
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estates, followed by Pb and Cr, which could be possibly have resulted
from the high degree of industrialization and other anthropogenic
inputs like the deposition of particles of aerosol produced by traffic
emission in addition to industrial processes (Mico et al., 2006).

However, all PHEs concentrations (Cd, Cr, Ni, Pb and Zn) as
well as the Mg mean concentrations were found to be within the
drinking water quality guidelines, although Fe exceeded the
permissible WHO limit (2011) and the other different
organizations. Fe had the most elevated mean concentrations of
(342, 379, and 529) mg/L in HIEP, GIES, and HIEH, respectively,
which were above theWHO, US and Canadian guideline value. High
Fe concentrations were also found in the effluent discharge from the
industrial zones of Hayatabad, Peshawar, which were substantially
higher than the other PHEs in the studied area (Amin et al., 2014),
and also higher than those in the Lalkuwan, Nainital, and
Uttarakhand regions in India (Chandra et al., 2017) (see
Table 2). Despite the importance of Fe to the body, elevated Fe
of >200 ppm in drinking water may cause serious problems such as
damage to the liver, heart, pancreas, and bone marrow. Water-
soluble binary compounds of Fe including FeSO4, and FeCl2 may
cause toxic effects at 200 mg/L (Xiaoshuai et al., 2009). Mg showed
moderate mean concentrations of (26.8, 28.1, and 32.0) mg/L in
HIEP, GIES, and HIEH respectively. Elevated Mg concentrations
can be found in natural water bodies. Consumption of drinking
water with highMg concentrations results in harmful laxative effects
to humans, while its deficiency may alter the structural and
functional systems (Hem, 1985). In the present study, Zn, Fe and
Mg were found to be high compared with the other parameters, and
these metals are toxic beyond certain permissible levels (Metcalf
Eddy Inc, 2003). These contaminants could likely originate from
industrial effluents, combined with wastewater produced from
various industries including iron and steel industries, organic
chemical industries, mines, and food industries (Mahmood et al.,
2019). During the last few decades, PHE pollution has drastically
increased due to rapid industrialization, leading to adverse health
risk in the environment.

The concentrations of PHEs in water sources confirmed the
substantial influence of anthropogenic activities in industrial
estates. For instance, the highest PHE concentrations were
found near the studied urbanized areas, demonstrating the
anthropogenic sources of the pollution (Kshetriya et al., 2021).

Based on the concentration levels, PHEs were low to moderately
distributed in all industrial estates, demonstrating low pollution
levels in drinking water sources in comparison with studies
conducted in Ogale, Nigeria by Abarikwu et al. (2017), and
Wuxi city, China (Yan-Feng et al., 2007), as shown in Table 2.
Our results were also found to be varied with the previous studies
of PHEs concentration in different industrial regions around the
world. For instance, PHEs contents were relatively low than the
previous studies of Charsadda district of industrial zone in KPK
province, Pakistan (Khan et al., 2013), Andhra Pradesh of
industrial region, Hyderabad India (Krishna and Mohan,
2014), and in contrast, were higher than the past studies of
PHEs in industrial area of Lagos, Nigeria (Ukan et al., 2019),
and in similar study of Hattar industrial estate of Haripur
Pakistan (Afzal et al., 2018), as shown in Supplementary Table S4.

The mean concentrations of PHEs were observed to follow the
descending order of Zn > Cr > Pb >Ni > Cd for all industrial estates.
Comparatively, high mean concentrations of all PHEs with high
contribution (Figure 2) were generally found in the HIEH, followed
by GIES, and HIEP of the study area. The increase in PHEs of the
HIEH area could be associated to the discharge of industrial
effluents, surface wastewater runoff into the water sources, and
continuous waste release to the environment (Abdullah et al., 2016).
Furthermore, the PHEs were moderate to high in drinking water of
industrial estates with below permissible limits but the long-term
exposure to these PHEs may disrupt immune, nervous, and
endocrine systems (Li et al., 2014), and also lead to cancer or
disability with adverse effects in both adults and children (Wu
et al., 2018). Other health problems can occur like stomach and heart
diseases, anorexia, and hypertension (Qian et al., 2020). lung disease,
fertility, bone fracture, renal failure, and hormonal problem
(Yuanan et al., 2020). For instance, long-term exposure of PHEs
like Cr could pose health problems, such as deformation of kidney
and immune system, damaging of skin and liver, respiratory
problem and can also affect the fishes due to accumulation, and
Pb exposure can cause potential toxicity in children (Pandey et al.,
2010; Khan et al., 2011), and diverse health problems via ingestion
(Xiao et al., 2013). To understand and to cope with this kind of
threat, it is important to evaluate the groundwater quality by means
of PHEs distribution and contamination in polluted industrial areas
and their associated health risks of the local population.

TABLE 2 PHEs mean concentration of industrial estates reported in different regions around the world.

Industrial estates Cd Zn Pb Cr Ni Mg Fe References

Khyber Pakhtunkhwa, Pakistan 1.72 42.26 5.93 8.77 8.83 24.93 688.3 Present study

Ogale, Nigeria 0.8 55.0 17.0 10.3 1.7 - - Abarikwu et al. (2017)

Wuxi city, China 0.14 112.9 46.7 58.6 - - - Yan-Feng et al. (2007)

Yazd city, Iran 1.5 - 45.0 40.0 23 - - Mousavian et al. (2017)

Lalkuwan, Nainital, Uttarakhand, India 0.25 13.9 1.50 2.30 3.30 19 67.5 Chandra et al. (2017)

Giza governorate, Egypt - 4.5 - - 24.9 - 9.8 Sanad et al. (2021)

Swabi, Pakistan 1.00 4.00 1.00 2.00 1.16 21.0 13.4 Muhammad et al. (2021)

0.05 0.001 0.05

Uttar Pradesh, India 9.11 51.0 - - 5.21 - 98.3 Sharma et al. (2020)
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Degree of PHE contamination in
industrial estates

The CF results for all the calculated parameters for the
evaluation of PLI are summarized in Table 3. Fe had the highest
CF mean values (6.03, 6.69, 9.33) for HIEP, HIEH, and GIES,
respectively, followed by Mg (1.27, 1.33, and 1.52), while the
lowest mean CF values were observed for Pb, Ni, and Cd. The
degree of contamination was low with respect to PHE
concentrations in the drinking water sources of the industrial
estates. However, the CF values were slightly high for HIEH,
indicating a low contamination level in the drinking water sources.

PLI and WPI were calculated for every sample to assess the
degree of contamination in drinking water utilizing parameters of
water quality (n = 10), as presented in Table 3. The PLI mean values
were below (<1) for HIEP and GIES, thus demonstrating the low
pollution level of the drinking water sources with respect to the
parameters’ concentration levels. HIEH showed a high PLI mean
value (1.13) for the parameters compared to HIEP and GIES,
indicating the presence of water pollution in HIEH. This could
be related to industrial effluent discharge into the surface water
bodies and groundwater (Afzal et al., 2018). Similarly, the WPI
values were also found to be (<1) for HIEP and HIES, thereby
indicating excellent water quality, while HIEH had WPI of 1.12,
showing highly polluted water. Based on the results, it can be
emphasized that the water sources (tube wells, dug wells and
bore wells) are not safe for the purpose of drinking for the local
inhabitants of HIEH. However, the high concentrations of Mg, and
Fe and their high CF values in all industrial estates could be
associated with the use of high iron and steel contents in
industrial operational units, resulting in discharge of wastewater
without any proper treatment (Muhammad et al., 2021).

Parameter source identification

PCA-MLR generally reduces and extracts a dataset into a small
number of loading factors by examining the substantial relationships
between the observed variables (Orani et al., 2019). PCA-MLR can
be used to classify and indicate the possible pollution sources of
PHEs. The total variance percentages of (PC1, PC2, PC3, and PC4)
with eigenvalues (>1) are presented in Table 4.

The first component of PC1 showed 32.37, 54.75, and 45.38%
variability with eigenvalues of 3.23, 5.47, and 4.53. The predominant
contributors to PC1 showed moderate and strong loadings.
PC1 indicates the strength of PHEs in all industrial estates,
suggesting that these contaminants could mainly originate from
the anthropogenic sources of agriculture runoff, domestic and
industrial waste (Abdullah et al., 2016). Strong factor loadings of

Zn, Cr, Ni, Cu, and Pb in the water sources may be credited to the
discharge of anthropogenic sources of industrial wastewater, mining
activities, in addition to agrochemical use in the regions (Ullah et al.,
2019). The second component (PC2) described 25.21, 21.64, and
19.93% of variability with eigenvalues of 2.52, 2.16, and 1.99. Thus,
PC1 and PC2 showed the contributions of anthropogenic sources to
drinking water in the study area. The third component (PC3)
explained 11.74, 11.98, and 13.18% of variability with eigenvalues
of 1.17, 1.19, and 1.31.

The fourth component (PC4) explained 10.86, 4.735, and
9.064% of variability with eigenvalues of 1.02, 1.00, and 1.02 for
HIEP, GIES, and HIEH, respectively. The moderate and high
loadings of TDS, Mg, Fe, Cd, and Pb in PC3 and PC4 of HIEP,
GIES, and HIEH suggest the contribution of mixed sources of
anthropogenic and geo-genic origins, including weathering of
igneous and ultramafic rocks and erosion in the study area
(Ahmad et al., 2020). Thus anthropogenic sources of industrial
wastewater discharge, traffic emission and other domestic waste, and
natural geo-genic sources include erosion and weathering of igneous
and mafic-ultramafic rocks contributed to the origins of selected
parameters in the PCA results of the study area (Figure 3). The
results of PCA were found to be in agreement with previous studies
of PHEs in water sources conducted by Nawab et al. (2021), and
Ahmad et al. (2020). In industrial estates regions, the occurrence and
dispersion of PHEs like Cd could be associated to high fossil fuel
combustion, smelting of metals, and waste incineration process.
Furthermore, the PHEs may also accumulate to the environment by
traffic vehicular emissions, tire wears and disposal of municipal solid
waste are primarily contributing factors in the study area. For
instance, few studies have shown an increase in PHEs
contamination due to high traffic emissions and fossil fuel
combustion in the study area of industrial estates.

Pearson correlation analysis of parameters

Pearson correlation analysis is a useful method which provides
important variable relationship information by classifying the
contaminant sources (Guo et al., 2015). This analysis indicates
low, moderate and strong correlations among variables in the
drinking water sources of the study area. A correlation coefficient
value < 0.5 is weak, 0.5 to 0.75 moderate, and >0.75 specifies strong
correlation (Nawab et al., 2021). Significant correlations between
selected pairs of parameters were obtained for all industrial estates,
as shown in Table 5. The correlation of observed parameters were
further supported by the results of PCA in the groundwater of all
industrial estates. The positive correlation values showed that
variables of groundwater samples are greatly dependent on one
another. The positive correlated values also suggest that parameters

TABLE 3 Contamination factor (CF), pollution load index (PLI, and water pollution index (WPI) values of selected parameters in industrial estates.

Industrial estates pH EC TDS Cd Zn Pb Cr Ni Mg Fe PLI WPI

HIEP 0.87 0.72 0.94 0.03 0.50 0.01 0.24 0.01 1.27 6.03 0.16 0.14

GIES 0.92 0.86 1.05 0.02 0.33 0.01 0.29 0.01 1.33 1710 0.11 0.12

HIEH 0.92 1.03 0.70 0.04 0.93 0.01 0.41 0.05 1.52 9.33 1.13 1.12
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show a strong influence on each other, while inverse correlated
values exhibit that groundwater parameters have no effect on
each other.

Positive and moderate-strong correlations were found between
pH-EC (0.80), EC-Ni (0.54), Cd-Pb (0.52), Zn-Cr (-0.62), Pb-Cr
(0.60), pH-Fe (-0.52), and Cr-Fe (0.69) in HIEP. Furthermore,
positive, and moderate-strong correlations were found between
pH-EC (0.96), pH-TDS (0.71), EC-TDS (0.67), Cd-Cr (0.54), Pb-
Cr (0.76), Pb-Ni (0.65), Cr-Ni (0.53), TDS-Mg (0.54), Zn-Mg (0.72),
and Pb-Fe (0.50) in GIES. On the contrary, negative correlations
were noted between pH-Pb (-0.84), pH-Cd (-0.69), pH-Ni (-0.58),
EC-Pb (-0.86), EC-Cr (-0.79), EC-Ni (-0.53), TDS-Pb (-0.75),

TDS-Cr (-0.73), TDS-Ni (-0.73), TDS-Mg (-0.56). These negative
loading factors show that the water quality of the industrial estates is
not significantly affected by the variables. Furthermore, positive and
negative correlations were found between pH-EC (0.83), pH-TDS
(0.54), pH-Cd (-0.63), pH-Ni (0.63), EC-Cd (-0.72), EC-Ni (-0.62),
Cd-Pb (0.63), Cd-Cr (0.53), Cd-Ni (0.59), Zn-Mg (0.67), Cd-Cr
(0.90), Cd-Fe (0.50), Cr-Ni (0.80), Cr-Fe (0.79), and Ni-Fe (0.85) in
HIEH. High PHEs concentrations and these moderate to strong
correlations coefficients (r > 0.50) in the groundwater of industrial
estates suggest the contribution of high anthropogenic and natural
sources. The PHEs dispersion could be attributed to important
contributions from multiple manmade sources like industrial

TABLE 4 Principal component analysis results of parameters of industrial estates (HIEP, GIES, AND HIEH) regions.

HIEP GIES HIEH

Parameters PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

pH 0.03 0.96 -0.13 0.09 0.92 -0.08 0.21 0.18 -0.72 0.50 0.44 0.09

EC 0.41 0.80 -0.25 0.05 0.93 -0.16 0.20 0.23 -0.78 0.18 0.40 0.38

TDS -0.06 0.10 0.95 0.09 0.86 0.13 0.07 -0.50 -0.25 0.72 0.21 -0.36

Cd 0.57 -0.23 0.18 0.67 -0.31 0.84 -0.38 0.01 0.82 -0.16 0.19 -0.50

Zn -0.65 0.57 0.06 0.12 0.41 0.85 0.10 0.10 0.29 0.84 -0.24 -0.27

Pb 0.81 0.13 0.07 0.23 -0.91 0.31 0.13 0.01 0.61 0.24 0.39 -0.01

Cr 0.83 -0.21 -0.24 0.20 -0.85 0.28 -0.03 0.14 0.78 0.21 0.41 0.22

Ni 0.34 0.64 0.20 -0.01 -0.76 -0.32 0.46 0.22 0.91 -0.01 0.05 0.26

Mg 0.61 0.25 0.24 -0.53 0.44 0.65 0.60 0.08 0.14 0.58 -0.71 0.32

Fe 0.70 -0.22 0.05 -0.49 -0.68 0.01 0.61 -0.33 0.88 0.20 0.11 0.33

Eigenvalues 3.237 2.521 1.174 1.090 5.475 2.164 1.198 1.001 4.537 1.993 1.318 1.010

Variance (%) 32.37 25.21 11.74 10.86 54.75 21.64 11.98 4.735 45.38 19.93 13.18 9.064

Cumulative (%) 32.37 57.58 69.32 80.18 54.75 76.39 88.37 93.11 45.38 65.31 78.48 87.55

Note: Bold values are the main contributors to PCA.

FIGURE 3
PCA-MLR results of drinking water sources of industrial estates (HIEP, GIES, and HIEH).
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effluents discharge, improper waste disposal and poor sanitation,
agricultural practices, and decomposition of organic products in the
study area (Howladar, 2017). The significant positive correlation
between physiochemical and PHEs suggests the same origin of
various sources in the groundwater aquifers that primarily
contribute to contaminate drinking water sources of industrial
estates. The results of this correlation analysis could be used to
identify the interrelationship among PHEs, their contamination and
their potential sources for understanding the dynamics of PHE
distribution in future research, especially in the groundwater.

Health risk assessment of PHEs

Non-carcinogenic risk assessment

The obtained results for the daily metal intake and non-
carcinogenic risk of selected PHEs (Cd, Zn, Pb, Cr and Ni) are
shown in Supplementary Table S5 and Table 6. A low mean HQ

dermal value of 4.55E-09 was observed for adults in HIEP, while a
highmeanHQ ingestion value of 1.03E-05 was observed for children
in HIEH. The contributions of non-carcinogenic risk to children
were high in comparison with adults for all industrial estates. The
dermal route has low contribution, based on mean HQ values lower
than those for ingestion.

The low and high mean HI values for adults and children
calculated were 4.66E-06 and 6.93E-02 for GIES and HIEH,
respectively. The HQs and HIs of these five PHEs for children
were found to be higher as compared to adults (Table 6). The
ingestion route made the highest contribution (66.67% and
57.48%), followed by the dermal route (33.33% and 42.52%) to
HI for children and adults, respectively as shown in Figures 4A, B.
The total HI values of Cr, Pb and Cr for children exceeded (>1) the
acceptable limit, indicating non-carcinogenic risk to children
exposed for all drinking water sources of HIEP, GIES and
HIEH. The concentrations of PHEs were low, although the high
HQ and HI values indicate that children were found greatly
susceptible to unwanted bad effects from PHEs in the drinking

TABLE 5 Correlations analysis results of selected parameters of industrial estates.

pH EC TDS Cd Zn Pb Cr Ni Mg Fe

HIEP

pH 1

EC 0.80** 1

TDS -0.01 -0.12 1

Cd -0.19 0.07 0.10 1

Zn 0.46 0.13 0.12 -0.38 1

Pb 0.24 0.31 0.02 0.52* -0.37 1

Cr -0.16 0.25 -0.20 0.49 0.62* 0.60* 1

Ni 0.46 0.54* 0.18 0.07 0.16 0.17 0.20 1

Mg 0.25 0.25 -0.01 0.18 -0.38 0.47 0.14 0.16 1

Fe -0.52* 0.01 -0.12 0.32 -0.46 0.12 0.69* 0.08 -0.03 1

GIES

pH 1

EC 0.96** 1

TDS 0.71* 0.67* 1

Cd -0.38 -0.46 -0.18 1

Zn 0.27 0.26 0.41 0.48 1

Pb -0.84** -0.86** -0.75* 0.47 -0.08 1

Cr -0.69* -0.79** -0.73* 0.54* -0.17 0.76* 1

Ni -0.58* -0.53* -0.73* -0.21 -0.49 0.65* 0.53* 1

Mg 0.48 0.40 0.54* 0.14 0.72* -0.07 -0.09 -0.16 1

Fe -0.45 -0.43 -0.10 0.12 -0.31 0.50* 0.38 0.27 0.01 1

HIEH

pH 1

EC 0.83** 1

TDS 0.54* 0.23 1

Cd -0.63* -0.72* -0.14 1

Zn 0.10 -0.27 0.45 0.18 1

Pb -0.14 -0.17 -0.12 0.63* 0.33 1

Cr -0.23 -0.37 -0.02 0.53* 0.28 0.49 1

Ni -0.63* -0.62* -0.19 0.59* 0.14 0.44 0.80** 1

Mg -0.12 0.03 0.22 -0.08 0.67* 0.13 -0.27 -0.04 1

Fe -0.29 -0.35 0.04 0.50* 0.06 0.32 0.79* 0.85** -0.29 1

** Correlation is significant at the 0.01 level (2-tailed), * Correlation is significant at the 0.05 level (2-tailed).
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water of the industrial estates (especially HIEH). This exposure
could cause alterations in the social patterns of affected children,
e.g., recurrent, and weird pica manners, sucking of fingers and
hands, in addition to high rate of respiration (Zhang W.
et al., 2020).

Carcinogenic risk

Table 6 and Figure 5 represent the obtained results for
carcinogenic risks (CR) of selected PHEs are presented in. Cd,
Cr, Pb and Ni are categorized as cancer causing agents metals for

TABLE 6 Non-carcinogenic and carcinogenic risk of selected PHEs via ingestion, inhalation, and dermal for HIEP, GIES, and HIEH.

Non-carcinogenic risk Carcinogenic risk

Cd Zn Pb Cr Ni Cd Pb Cr Ni

HQIng HIEP Children 4.88E-05 1.80E-06 5.02E-05 2.90E-05 2.69E-06 1.49E-04 5.97E-07 4.35E-05 9.15E-05

Adults 6.19E-06 2.28E-07 6.37E-06 3.68E-06 3.42E-07 1.89E-05 7.58E-08 5.52E-06 5.39E-04

HQDer HIEP Children 2.73E-06 4.12E-08 4.68E-07 3.24E-06 1.88E-07 2.60E-08 7.28E-09 4.87E-06 6.40E-06

Adults 4.94E-07 4.55E-09 6.78E-05 5.87E-07 3.41E-08 4.70E-09 1.32E-09 8.81E-07 1.16E-06

HQIng GIES Children 2.44E-05 1.19E-06 5.23E-05 3.49E-05 3.34E-06 7.43E-05 5.97E-07 5.24E-05 1.13E-04

Adults 3.09E-06 1.51E-07 6.64E-06 4.43E-06 4.24E-07 9.43E-06 7.90E-08 6.65E-06 1.44E-05

HQDer GIES Children 1.36E-06 1.67E-08 4.88E-07 3.91E-06 2.34E-07 1.30E-08 7.59E-09 5.87E-06 7.94E-06

Adults 2.47E-07 3.02E-09 8.83E-08 7.08E-07 4.23E-08 2.34E-09 1.37E-09 1.06E-06 1.44E-06

HQIng HIEH Children 6.12E-05 3.35E-06 6.92E-05 4.91E-05 1.03E-05 1.87E-04 8.23E-07 7.37E-05 3.49E-04

Adults 7.77E-06 1.29E-08 8.78E-06 6.24E-06 1.31E-06 2.37E-05 1.05E-07 9.36E-06 4.44E-05

HQDer HIEH Children 3.42E-06 4.69E-08 6.46E-07 6.88E-03 7.19E-07 3.25E-08 1.00E-08 8.26E-06 2.45E-05

Adults 6.20E-07 8.48E-09 1.17E-07 9.96E-07 1.30E-07 5.89E-09 1.82E-09 1.49E-06 4.43E-06

Hazard Index (HI)

HIEP Children 5.15E-04 1.84E-05 5.06E-04 3.22E-04 2.88E-05

Adults 6.69E-05 2.33E-06 7.42E-04 4.27E-05 3.76E-06

GIES Children 2.57E-04 1.21E-05 5.28E-04 3.88E-04 3.57E-05

Adults 3.34E-05 1.54E-06 6.73E-05 5.14E-05 4.66E-06

HIEH Children 6.46E-04 3.39E-05 6.98E-04 6.93E-02 1.10E-04

Adults 8.39E-05 2.37E-06 1.26E-04 7.24E-05 1.44E-05

FIGURE 4
Contribution of ingestion and dermal contact routes for (A) children, and (B) adults.
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children as well as adults via dermal and ingestion pathways
(USEPA, 2020). PHEs carcinogenic effect differs according to
their exposure routes. Like non-carcinogenic risk, the ingestion
CR values were greatly higher as compared the dermal results
(Table 6), indicating ingestion as the primary exposure pathway
for PHEs. In addition, a lower CR was observed for each PHE for
adults than for children. The low and high mean CR values of adults
and children were 7.90E-08 and 1.13E-04 for HQDer-GIES and
HQIng-GIES respectively.

Cd, Pb, Cr, and Ni had low mean CR values for HIEP, GIES, and
HIEH, and were found to be within the acceptable threshold value of
1 × 10–4, recommended by USEPA (2011). As a result, PHEs were
generally found to be within the acceptable threshold and did not
cause cancer risk (Mukherjee et al., 2020). Among PHEs, Pb had the
lowest contribution to CR mean values for HIEP, GIES, and HIEH
(see Figure 5), indicating low carcinogenic risk to the local children
and adult inhabitants. The average CR for both the children and adults
were found to be within the guideline threshold values, based on the
availability of cancer slope factor (CSF) values of the selected toxic
PHEs. The results revealed that PHEs in industrial estates have no
noteworthy harmful effects on human health. However, children are
comparatively more sensitive and vulnerable to exposure of PHEs via
different exposure routes than adults. Hence, the long-term exposure
of PHEs could be properly monitored to investigate the
environmental impacts and health problems via ingestion of
drinking groundwater or dermal contact. The industrial operations
need to be monitored and reduce contamination of wastewater by
proper treatment, before discharge into the drinking water sources
and aquatic ecosystem, in order to protect the health of residents in
the industrial estate regions (especially inHIEH) of the KPK, Pakistan.
There should be a treatment facility installed at each industrial unit
such that the industrial wastewater is treated for PHEs before
discharge to the outside and protect human health. The potential
health risks posed by PHEs contamination due to the groundwater of
industrial estates cannot be ignored, and special consideration needs
to be taken to mitigate PHEs contamination. Furthermore, the

potential sources and adverse health risks of PHEs could provide a
significant contribution for further research of groundwater in
industrial estates and urban environments. The findings of the
present study also proposed that effective and advanced refinement
systems should be particularly introduced to provide clean drinking
water in the study area, especially in industrial estates of Pakistan.
Further research studies on monitoring, implementation, and
dynamics of PHEs in industrial estates regions should be necessary
to undertake the long-term associated health risks.

Conclusion

In the present study, comparative assessments of the
physiochemical parameters and PHE concentrations in the
drinking water sources of three industrial estates were examined.
It is concluded that all physiochemical and PHE concentrations were
found to be within the acceptable limits, although Fe exceeded the
WHO, US, and Canadian permissible limits. The contamination
degrees of all parameters showed low to moderate level of
contamination for all industrial estates, except Fe and Mg.
According to PLI and WPI results, freshwater sources had low
pollution levels, indicating excellent water quality for HIEP and
GIES, while HIEH had high PHEs contamination, showing bad
water quality compared to the other industrial estates. Pearson’s
correlations and PCA results showed that anthropogenic sources of
industrial effluents, wastewater discharge, and geogenic origins
influenced the physiochemical parameters and PHE
concentrations in drinking water sources. PHEs had low
contamination levels in all industrial estates, and thus posed low
non-carcinogenic and carcinogenic risks to the local inhabitants in
the study area. In conclusion, PHEs were generally found to be
within the acceptable threshold values and did not cause cancer risk.
Non-etheless, it is strongly recommended that continuous
monitoring of the operational activities of industries as well as
mitigation of the over-exploitation of environmental resources
are necessary to implement especially in the KPK, Pakistan. Most
importantly, there should be strict enforcement of laws regarding
the discharge of industrial wastewater containing PHEs, and their
concentrations in wastewater should be within permissible limits
specified in NEQs. The limitations in assessment of PHEs with risk
assessment, still remain on a broad scale in industrial estates regions
and urban environments. However, this study would help decision-
makers to improve long-term strategic plans in development for
groundwater resource in all industrial estates of Pakistan. Moreover,
it is recommended to remarkably abate the pollution sources of
multiple pathways of PHEs with proper treatment and management
in industrialized and urban environments, following the standard
WHO and PAK-EPA guidelines.
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