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Abstract
E-mail: Significant public health issues are posed by the presence of potentially toxic
javednawab11@yahoo.com elements (PTEs) within the groundwater of rapidly growing urban areas. A

detailed geochemical assessment of PTE distribution and sources across four
Received: 07/02/2026 major urban centers in Pakistan is presented in this research. The selected
Acceptance: 25/04/2026 locations (Faisalabad, Lahore, Swat, and Batkhela) reflect a range of human-
Available Online: 26/04/2026 induced pressures. Inductively coupled plasma mass spectrometry (ICP-MS)
Published: 01/07/2026 was utilized to examine sixty groundwater samples for major ions and PTEs.

Integration of multivariate statistics, geochemical modeling, and USEPA-based
health risk assessments allowed for a thorough interpretation of the data. WHO
guidelines of 3 pg/L for Cadmium (Cd) were surpassed in Faisalabad, Swat, and
Batkhela. In contrast, Lead (Pb) levels stayed within the WHO limit of 10 pg/L
in all cities. While water samples from Faisalabad were mostly classified within
Ca-Cl type, Ca-HCO3 type water characterized Swat and Batkhela. Finally, three
primary contamination sources were pinpointed by principal component
analysis. These included industrial salinization, agricultural impacts, and the

Keywords: Potentially toxic movement of metals bound to particles. Possible health threats in three of the
elements, Groundwater, four urban centers were signaled by the health risk assessment. The USEPA
Health risk assessment, safety threshold of 1 was exceeded by non-carcinogenic hazard indices (HI),

which peaked at 2.56 for children in Swat. Standard USEPA limits were also
surpassed by carcinogenic risk estimates. These values exceeded the acceptable
threshold by roughly 4 to 34 times. Evidence that modern industrial and
farming activities degrade groundwater quality in Pakistan is provided by this
research. The necessity for specific interventions is highlighted by these results.
Suggested measures include stricter control of industrial waste, sustainable
farming methods, and expanded investment in water treatment systems.
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1. Introduction

Groundwater is an essential component of the global hydrological cycle. It serves as a primary source of freshwater
for society [1-3]. The stability of drinking water systems, agricultural productivity, and industrial continuity are
sustained by this resource. This function is particularly vital in regions contending with surface water scarcity [4].
Socioeconomic development and survival are determined by this dependency in arid and semi-arid zones like
Pakistan, where such reliance is not a discretionary choice [5]. Escalating urban populations, extensive irrigation
networks, and an expanding industrial base are supported by groundwater abstraction. National security and public
health are therefore linked to its sustainability and quality [6]. This reliance has been deepened by the intensification
of climate variability. Frequent droughts and unreliable rainfall characterize this trend, placing immense and often
unsustainable pressure on subsurface aquifers [7]. Such pressure is not limited to volume alone. A parallel and subtle
but harmful crisis is presented by the qualitative degradation of the resource. Complex contaminants have been
introduced into the hydrogeological environment by the rapid and often unplanned expansion of industrial and urban
landscapes. Potentially Toxic Elements (PTEs) have emerged as a paramount concern within this context [8][9]. These
inorganic contaminants are produced by a variety of anthropogenic sources. They pose a persistent threat due to their
bio-accumulative potential and non-biodegradable nature, establishing direct pathways to human exposure through
drinking water [10]. Consequently, reliable natural reservoirs are becoming a focal point of environmental risk. This
transition transforms a vital resource into a potential vehicle for long-term ecological harm and chronic disease.

The degradation of groundwater quality is characterized by a complex interaction between accelerating
anthropogenic drivers and the natural geogenic background. Innate hydro-chemical signatures of groundwater
systems are established through rock-water interactions, redox-driven elemental mobilization, and the dissolution of
aquifer matrix minerals over geological timescales [11][12]. Elevated concentrations of specific elements are naturally
produced by these processes, including fluoride in granitic terrains or arsenic in alluvial aquifers, depending on local
hydrogeochemical conditions and lithology. Nevertheless, anthropogenic signatures increasingly dominate the
contemporary chemical state of groundwater, particularly within peri-urban and urban environments [13][14].

Modern human activities give rise to pervasive and multifaceted fluxes of Potentially Toxic Elements (PTEs).
Industrial point-source pollution originates from chemical manufacturing, tanning, and metallurgical units. Diffuse
contamination is introduced by agricultural practices, including metal-based pesticides and phosphate fertilizers,
which serve as a source of cadmium. Furthermore, atmospheric deposition from industrial smokestacks and vehicular
exhaust, alongside uncontrolled seepage from unlined wastewater channels and landfills carrying urban effluents,
contributes to this burden [15][16]. This anthropogenic overlay interacts with the geogenic baseline by altering redox
and pH conditions. Such shifts often remobilize previously stable elements sequestered in sediments [17].

Critical concern is directed toward elements such as nickel (Ni), chromium (Cr), cadmium (Cd), and lead (Pb) in this
context [18]. These priority contaminants are defined by their well-documented toxicology, including carcinogenic,
nephrotoxic, and neurotoxic effects, as well as their capacity for bioaccumulation through the trophic chain and
environmental persistence [19]. Primary exposure for millions occurs through the ingestion of contaminated
groundwater. Chronic low-dose exposure leads to severe public health burdens that frequently remain clinically silent
until irreversible damage is sustained [20]. Consequently, understanding groundwater chemistry has evolved beyond
a strictly hydrogeological pursuit; such knowledge is now a prerequisite for preventive health policy and
epidemiological insight.

A documented and severe public health emergency is manifested by the theoretical risks associated with PTE
contamination within the national context of Pakistan [17]. Groundwater resources beneath industrial corridors and
densely populated urban centers are increasingly threatened by unchecked pollution [21]. A consistent narrative
emerges from a growing body of literature regarding regions such as Khyber Pakhtunkhwa and Punjab.
Concentrations of PTEs in these areas routinely exceed the national standards and safe drinking water guidelines
established by the World Health Organization (WHO) [22]. Reports from industrial districts in Punjab, including those
surrounding Faisalabad and Lahore, indicate lead and cadmium concentrations several orders of magnitude above
permissible limits. These findings correlate directly with inadequate waste treatment infrastructure and high
industrial density [23][24]. Complex contamination patterns are similarly revealed by research in the geologically rich
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Swat Valley. Natural mineralization of heavy metals in this region is exacerbated by anthropogenic activities such as
the use of contaminated irrigation water, deforestation, and mining [25].

Although localized studies offer crucial insights into contamination hotspots, a significant research gap remains. The
literature lacks a synthesized, comparative framework for the systematic evaluation of PTE contamination across a
gradient of urban typologies [26]. Disparate methodologies and a focus on specific elements or single cities
characterize most existing research, which hinders comparative risk analysis. An integrated assessment utilizing
advanced statistical approaches and consistent hydro-chemical methods is required to differentiate pollution sources.
Such a framework would allow for the uniform quantification of health risks and the mapping of spatial distribution
patterns across diverse urban ecosystems, ranging from rapidly urbanizing towns to mega-cities [27]. Proactive and
regionally coordinated groundwater management is currently limited by this research gap. Policymakers are often
restricted to reactive and localized interventions rather than comprehensive public health protection strategies.

In this study, a comprehensive and comparative geochemical appraisal of Potentially Toxic Elements (PTEs) in the
groundwater of four strategically selected urban centers in Pakistan is presented to bridge the aforementioned
knowledge gap. Batkhela, Swat, Faisalabad, and Lahore were chosen to represent a spectrum of hydrogeological
settings and anthropogenic pressure. Lahore epitomizes a historic megacity subject to intense vehicular and industrial
pollution. A major industrial and textile hub with significant agro-industrial influence is represented by Faisalabad.
Swat illustrates an urbanizing area with agricultural and tourism pressures set within complex geological terrain,
while Batkhela serves as a growing district headquarters with mixed influences [28].

An integrated hydro-chemical methodology is employed, synergizing field sampling, advanced instrumental analysis,
and multivariate statistics, including Cluster Analysis and Principal Component Analysis. Geochemical modeling of
saturation indices, spatial interpolation techniques, and standardized health risk assessment models are also
incorporated. The investigation is guided by four specific objectives. First, prevailing hydro-chemical facies are
characterized, and dominant natural processes, such as silicate weathering and evaporation, are identified. Second,
concentration levels are determined and spatial distribution maps are created for key PTEs to highlight safe zones and
contamination plumes. Third, statistical source apportionment techniques are utilized to apportion potential geogenic,
industrial, agricultural, or municipal sources. Fourth, non-carcinogenic and carcinogenic health risks to adults and
children are quantitatively evaluated based on long-term groundwater ingestion. A diagnostic, evidence-based
framework is provided through this holistic approach, moving beyond mere contamination reporting. Actionable
scientific intelligence is generated to inform tiered monitoring programs, guide targeted remediation efforts, and
support the development of rational water-safety policies. Such efforts contribute to the sustainable management of
groundwater and the protection of vulnerable populations in Pakistan and comparable hydrogeological settings
worldwide.

2. Materials and Methods

2.1. Study area description

The investigation was conducted across four strategically selected urban centers in Pakistan. These sites encompass
diverse anthropogenic, climatic, and hydrogeological regimes to ensure a representative analysis of groundwater
contamination dynamics [23]. Faisalabad and Lahore in the Punjab Province, alongside Batkhela and Swat in the
Khyber Pakhtunkhwa (KP) Province, are designated as the primary study locations (Fig. 1). A strategic gradient is
established by these sites, which extend from hyper-urbanized industrial centers to rapidly urbanizing regions
influenced by significant agricultural and geo-natural factors [29]. This selection was specifically structured to enable
a comparative evaluation of the mechanisms through which varying land-use intensities and geological frameworks
modulate the transport, sources, and fate of Potentially Toxic Elements (PTEs) within groundwater systems [30].

The two study areas in Punjab are situated within the vast expanse of the Indus Plain. This region is underlain by a
highly productive and extensive Quaternary alluvial aquifer system, which is categorized among the most significant
globally. These aquifers are composed of silts, gravels, and unconsolidated sands deposited by the Indus River and its
tributaries. High transmissivity and porosity characterize these formations, through which substantial groundwater
extraction is facilitated. However, these hydrogeological properties also render the aquifers vulnerable to the large-
scale migration of contaminant plumes [31].
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Figure 1. Location map of the four study cities (Lahore, Faisalabad, Swat, Batkhela) in Pakistan,
showing the sampling network, administrative boundaries, and key topography. The elevation
gradient highlights the high northern terrain and eastern alluvial plains.

Lahore (31.5204° N, 74.3587° E) is a historic megacity with a population exceeding 13 million and represents a
pinnacle of anthropogenic pressure. Multifaceted threats to groundwater are posed by intensive vehicular emissions
and a dense network of mixed industrial units, including chemical plants, tanneries, and metalworks. Additionally,
substantial subsurface infiltration of untreated municipal wastewater is driven by a strained sanitation infrastructure.
Faisalabad (31.4504° N, 73.1350° E), frequently designated as the Manchester of Pakistan, serves as the primary
industrial and textile hub of the nation. Groundwater chemistry in this region is governed by a complex interplay of
point-source industrial discharges and non-point source agrochemical leaching. These discharges are primarily
sourced from bleaching, dyeing, and finishing units, while the surrounding intensively cultivated croplands contribute
to agrochemical leaching. A distinct contamination signature is created by these combined factors [32][33].

In stark contrast, the study areas in Khyber Pakhtunkhwa are characterized by a dynamic tectonic and topographic
landscape. Groundwater resides primarily in fractured and weathered bedrock aquifers within metamorphic and
sedimentary formations, overlain by heterogeneous colluvial and alluvial deposits in the valleys [34][35]. These
aquifers typically have lower well yields and more variable, structurally controlled flow paths compared to the porous
aquifers of Punjab.

Swat (34.8333° N, 72.4333° E) is undergoing a rapid transformation driven by agricultural expansion and tourism.
Groundwater quality in this region is subjected to stresses from untreated domestic sewage originating from
expanding settlements and hotels. Furthermore, agricultural runoff within fertile valleys and the potential geogenic
release of metals from mineralized bedrock influence the subsurface system [36][37]. Batkhela (34.6167° N, 71.9667°

272



DYSONA — Applied Science 7 (2026) 269-289 Khan et al.

E) serves as a developing district headquarters and functions as a transitional urban center. In this locality, increasing
municipal waste, agricultural practices, and small-scale commercial activities have begun to alter a historically natural
hydro-chemical system [38].

Recharge mechanisms and hydro-chemical evolution are governed by climate, which serves as a critical differentiating
factor across these sites. A semi-arid climate is experienced by the Punjab locations, where mean annual precipitation
totals approximately 600 mm. The intense monsoon season, occurring from July to September, accounts for over 70%
of this volume. This concentration results in episodic recharge events of high intensity. Conversely, the northern sites
in KP are characterized by higher annual precipitation, reaching up to 1000 mm, along with significant contributions
from seasonal snowmelt in the surrounding high mountains. These factors lead to more sustained recharge periods
and influence both solute transport and dilution capacities [39]. These distinct climatic and hydrogeological
backdrops provide a robust natural laboratory for examining the behavior of PTEs under contrasting anthropogenic
forcing and environmental controls.

2.2. Groundwater sampling and analytical procedures
2.2.1. Sampling strategy and collection

The post-monsoon dry season served as the timeframe for a systematic groundwater sampling campaign. This specific
period captured conditions of minimal dilution and peak contaminant concentration. A total of 60 water samples were
collected from the four cities of Lahore, Faisalabad, Swat, and Batkhela, with each city contributing 15 specimens to
the study. A stratified random approach determined the location of sampling points such as operational tube wells,
hand pumps, and boreholes. This strategy ensured broad coverage across core urban, peri-urban, and transitional
zones. Spatial independence assumptions required a minimum inter-site distance of 600 meters, which also served to
avoid autocorrelation [40]. Purging each source for roughly five minutes ensured that field parameters, including pH,
Electrical Conductivity, and Temperature, reached stability. A calibrated Garmin eTrex 30x GPS unit precisely logged
the elevation and geographic coordinates. To avert cross-contamination, pre-cleaned, acid-washed (10% HNO3) high-
density polyethylene (HDPE) bottles were used to collect samples, followed by immediate storage on ice in dark
containers to prepare them for laboratory transport.

2.2.2. Physicochemical analysis

Calibrated multi-parameter probes (Orion Star A329 for pH/ORP; Orion 5-Star for EC/TDS) captured in situ
measurements of essential physicochemical parameters. These data points included pH, Electrical Conductivity (EC),
Oxidation-Reduction Potential (ORP), and Total Dissolved Solids (TDS). A portable Hach 2100Q turbidimeter
determined the turbidity levels. To prepare for laboratory analysis of major ions, filtration of water samples through
0.45 pum cellulose acetate membrane filters occurred within 12 hours of collection. Potentiometric titration with 0.02N
H,SO, established the alkalinity, expressed as bicarbonate (HCO3™), on the day the samples reached the facility. lon
Chromatography (Dionex ICS-1100) then quantified the concentrations of major anions (Cl~, SO0,%7, NO3") and cations
(Ca?*, Mg?*, Na*, K*) following Standard Methods [41]. Finally, to preserve ionic stability, ultrapure nitric acid acidified
all filtered samples for cation analysis to pH<2.

2.2.3. Analysis of Potentially Toxic Elements (PTEs)

Trace metal-grade nitric acid (Merck, 65%) acidified individual portions of the samples at the collection site to reach a
pH<2. This chemical addition inhibited adsorption and precipitation during the determination of trace metals such as
Chromium (Cr), Nickel (Ni), Cadmium (Cd), Lead (Pb), and Zinc (Zn). Inductively Coupled Plasma Mass Spectrometry
(ICP-MS; Agilent 7500cx) performed the analysis under specific operational settings. The instrument utilized an RF
power of 1550 W and a plasma gas (Ar) flow of 15 L. min~*. Auxiliary gas flow reached 0.9 L min~* while the nebulizer
gas flow remained at 1.05 L min™* [42]. This method was selected for high sensitivity and multi-element capability,
due to the low detection limits necessary to evaluate health-relevant concentrations.

2.2.4. Quality Assurance and Quality Control (QA/QC)

Rigorous QA/QC protocols were implemented throughout the analytical process to ensure data integrity and
precision. This included the routine analysis of procedural blanks, field duplicates (10% of samples), and certified
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reference materials (CRM NWTM-27.3, National Water Research Institute, Canada). Analytical precision, expressed as
the relative standard deviation (RSD) for replicate analyses, was maintained below 5% for all major ions and PTEs.
Recovery rates for heavy metals in spiked samples ranged from 92% to 108%, confirming method accuracy. The
internal consistency of the hydro-chemical data was verified by calculating the Charge Balance Error (CBE) for each
sample using the standard formula:

Y cation — Y anion

%CBE = x 100
% Y cation + ), anion

All samples exhibited a CBE within the acceptable limit of +5%, confirming the analytical reliability of the ionic data
[43].

2.3. Hydro-chemical and statistical approaches
2.3.1. Multivariate statistical analysis

To interpret the complex interrelationships among parameters and identify hidden contamination sources, a suite of
multivariate statistical techniques was applied using SPSS (v.26.0) and R software. First, Pearson correlation analysis
was performed to establish linear associations between physicochemical variables and PTEs. Subsequently, Principal
Component Analysis (PCA) with Varimax rotation was employed to reduce data dimensionality and extract significant
factors representing dominant geochemical processes and anthropogenic influences. The suitability of the data for
PCA was confirmed by a Kaiser-Meyer-Olkin (KMO) measure > 0.6 and Bartlett’s test of sphericity (p<0.001). Finally,
Hierarchical Cluster Analysis (HCA) using Ward’s linkage method with squared Euclidean distance was applied to
classify the 60 sampling sites into distinct hydro-chemical groups based on overall similarity, providing insight into
spatial patterns of water quality [44].

2.3.2. Geochemical modeling and graphical interpretation

The geochemical evolution and dominant processes controlling groundwater chemistry were interpreted using
established graphical methods. Piper trilinear diagrams were constructed using Grapher (v.18) to classify water types
(hydro-chemical facies) and visualize mixing trends [45]. Gibbs diagrams were employed to broadly assess the
relative roles of atmospheric precipitation, rock weathering, and evaporation-crystallization in controlling solute
acquisition [46]. These diagrams provide a foundational understanding of the aquifer’s baseline geochemistry, against
which anthropogenic PTE anomalies can be evaluated.

2.4. Health risk assessment methodology

Human health risks associated with the ingestion of PTE-contaminated groundwater were evaluated for both adults
and children following the integrated framework established by the United States Environmental Protection Agency
(USEPA) [47][48]. The assessment considered chronic exposure via the drinking water pathway.

The first step involved calculating the Chronic Daily Intake (CDI, mg kg™ day™*) for each metal using the standard
equation:

CDI_waIRxEFxED
N BW x AT

where Cw is the concentration of the metal in water (mg L"), IR is the ingestion rate (2 L day™* for adults, 0.5 L day™
for children), EF is the exposure frequency (365 days year™!),EDis the exposure duration (30 years for non-
carcinogens, 70 years for carcinogens), BW is the average body weight (70 kg for adults, 15 kg for children), and AT is
the averaging time (ED x 365 days for non-carcinogens; 70 x 365 days for carcinogens) [49].
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For non-carcinogenic risk, the Hazard Quotient (HQ) for each metal and the aggregate Hazard Index (HI) were
calculated as:

u _ CDI
Q_RfD

where RfD is the oral reference dose (mg kg™ day ) obtained from the USEPA Integrated Risk Information System
(IRIS). An HI > 1 indicates a potential for adverse non-carcinogenic effects.

For carcinogenic risk, the incremental lifetime cancer risk (CR) was estimated as:
CR = CDI x CSF

where CSF is the cancer slope factor (mg kg™ day™*)™*. Metals considered with carcinogenic potential were Cd (CSF =
6.1), Cr (VI) (CSF = 0.5), and Pb (CSF = 0.0085) [48]. Total carcinogenic risk was summed across these metals, with a
risk range of 1x107° to 1x10™* deemed acceptable by regulatory standards.

To account for variability and uncertainty in exposure parameters, a probabilistic risk assessment was conducted
using Monte Carlo simulation (10,000 iterations) in @RISK (v.8.0). Key inputs (e.g., concentration, ingestion rate, body
weight) were defined as probability distributions based on literature and measured data. Sensitivity analysis was
performed to identify the parameters contributing most significantly to the variance in the final risk estimates.

3. Results

3.1. Hydro-chemical characteristics and spatial variation

Hydro-chemical analysis of the groundwater samples revealed significant differences in baseline water quality across
the four urban centers, reflecting their distinct anthropogenic and hydrogeological settings (Tables 1 and 2).

Table 1. Descriptive statistics of chemical parameters in Lahore and Faisalabad

Parameter Lahore (n=15) Faisalabad (n=15) WHO
Min Max Mean SD CV | Min Max Mean SD CV | Standards [50]
pH 72 7.8 78 0.16 0.02 | 7.1 8 7.8 0.27 0.03 6.5-8.5
EC 320 750 490 86.1 0.18 | 208 8120 1568 2061 1.31| 1,500 uS/cm
Turbidity | 0.2 1.02 03 026 0.87]| 03 1.45 0.3 043 1.43 5NTU
HCOs 140 260 230 312 0.14| 60 650 400 185 0.46 250 mg/L
Ca?+ 24 60 32 878 027 | 20 160 40 34.7 0.87 200 mg/L
Mg2+ 17 39 22 498 0.23| 12 209 46 47.6 1.03 150 mg/L
Cl- 8 42 10 11 11 | 17 1248 96 316 3.29 250 mg/L
Na+* 24 65 32 929 029| 9 1050 130 310 2.38 200 mg/L
K+ 2 5 3 082 0.27 | 2 86 13 21 1.62 12 mg/L
S042 20 80 23 165 0.72 | 41 1652 144 428 297 250 mg/L
NOs 012 1 017 022 129 | 0.1 24 3 6.65 2.22 10 mg/L
TDS 168 401 261 508 0.19| 114 4466 862 1131 1.31 1500 mg/L
Zn 001 14 0.02 036 18 | 04 3.3 1.6 0.8 0.5 4 mg/L
Cd 0.02 0.06 0.04 0.01 025]| 1.6 9.6 3.5 197 0.56 3 ug/L
Pb 031 097 062 026 042] 11 495 215 129 0.6 10 pg/L
Cr 0.14 228 082 065 0.79]027 351 127 1.04 0.82 50 pg/L
Ni 0.15 195 055 048 0.87]0.21 49 115 129 1.12 70 pg/L

The units of each parameter are similar to those presented in WHO standards column.
Red values exceed WHO standards [50].
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Table 2. Descriptive statistics of chemical parameters in Swat and Batkhela

Parameter Swat (n=15) Batkhela (n=15) WHO
Min Max Mean SD CV | Min Max Mean SD CV | Standards [50]
pH 77 89 823 033 0.04]| 75 8.9 83 041 0.05 6.5-8.5
EC 450 740 499 84 0.17 | 420 1890 440 451 1.03 | 1,500 puS/cm
Turbidity | 0.2 201 183 5.06 2.77 025 28 0.75 0.61 081 5NTU
HCOs- 36 72 461 111 024 | 44 176 55 343 0.62 250 mg/L

Ca?* 194 535 35 71 0.2 17 115 224 261 1.17 200 mg/L
Mg+ 160 250 190 259 0.14 | 120 600 130 147 1.13 150 mg/L

Cl- 20 75 28.5 13 046 | 23 157 45 409 091 250 mg/L
Na* 1 2 1.2 041 0.34 1 16 1 3.87 3.87 200 mg/L
K* 8 20 9.8 418 043 5 120 6 31.6 5.27 12 mg/L
S04% 2 55 353 1.02 0.29]| 21 8 2.9 1.72 0.59 250 mg/L
NOs 34 62 419 706 0.17 | 32 140 35 284 0.81 10 mg/L
TDS 230 411 288 469 0.16 | 210 1041 247 250 1.01 1500 mg/L
Zn 0.05 381 184 133 0.72|0.05 45 038 1.65 4.34 4 mg/L
Cd 041 44 3.09 119 039 |0.03 45 3.2 1.58 0.49 3 ug/L
Pb 2 47 317 084 0.26[0.78 53 2.6 1.29 05 10 pg/L
Cr 0 497 184 171 093] 0.2 53 082 1.67 2.04 50 ug/L
Ni 01 223 069 06 087]008 192 0.63 0.55 0.87 70 ug/L

The units of each parameter are similar to those presented in WHO standards column.

Red values exceed WHO standards [50].
Groundwater across all regions was generally neutral to slightly alkaline, with pH values ranging from 7.10 to 8.90.
Notably, samples from the northern cities of Swat and Batkhela exhibited higher mean alkalinity pH 8.23 * 0.33 and
8.30 + 0.41, respectively compared to those from Punjab. However, the most striking variations were observed in
mineralization indices. EC and TDS displayed extreme variability, particularly in Faisalabad. Here, EC values spanned
from 208 to 8,120 uS/cm, with a mean of 1,568 * 2,061 puS/cm and TDS reaching a maximum of 4,466 mg/L far
exceeding the WHO guideline of 1,500 mg/L. This indicates severe salinization, likely driven by industrial effluents
and intensive irrigation return flows [51]. In contrast, Lahore and the northern cities showed relatively moderate
mineralization, with mean TDS values below 300 mg/L.

The major ion composition further elucidated distinct contamination profiles. The dominance of HCO3;™ alongside
elevated Ca®* and Mg?* in most samples suggests weathering of carbonate minerals as a primary natural solute
source. However, anthropogenic overprints were clear. Faisalabad groundwater was characterized by exceptionally
high and variable concentrations of Cl~ (96 + 316 mg/L), SO,%~ (144 + 428 mg/L), and Na* (130 + 310 mg/L), pointing
to inputs from industrial wastewater and saline intrusion. A critical public health concern emerged from NO;~
analysis. Concentrations in Swat (41.9 + 7.06 mg/L) and Batkhela (35.0 + 28.4 mg/L) consistently surpassed the WHO
limit of 10 mg/L by factors of 3 to 4, strongly implicating leaching from agricultural fertilizers and untreated sewage
as predominant contamination pathways in these regions [52].

3.2. Contamination status of potentially toxic elements (PTEs)

Fluctuating contamination levels throughout the research sites were identified by the assessment of PTEs, with
several elements in specific cities surpassed international safety guidelines (Tables 1 and 2).

Samples collected from northern and industrial municipalities showed Cd as a primary pollutant of concern. Average
concentrations in Faisalabad (3.50 + 1.97 pg/L), Batkhela (3.20 + 1.58 pg/L), and Swat (3.09 + 1.19 pg/L) were
beyond the WHO threshold of 3 pg/L. These margins, ranging from 3% to 17%, indicate a steady although moderate
presence of Cd in these locations. Conversely, Cd levels significantly under the allowed maximum (0.04 * 0.01 pg/L)
were recorded in Lahore.

All examined regions maintained Pb concentrations beneath the WHO limit of 10 pg/L. Average figures varied
between 0.62 + 0.26 pg/L in Lahore and 3.17 * 0.84 pg/L in Swat. However, few extreme observations in some regions
(approximately 5 pug/L in Batkhela and Faisalabad) necessitate ongoing observation, since long-term Pb exposure
poses serious health risks.
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The WHO standard of 50 pg/L stayed above the measured Cr levels. Mean values fluctuated from 0.82 + 0.65 pg/L in
Lahore to 1.84 + 1.71 pg/L in Swat. Similarly, the standards defined for Ni (70 ug/L) and Zn (4 mg/L) were also met by
most samples. Despite these general trends, occasional hotspots where concentrations spiked can be detected.

Significant heterogeneity characterized the spatial distribution of PTEs. Coefficients of variation (CV) that frequently
surpassed 1.0 (100%) confirm this diversity. It can be deduced that localized, point-source pollution likely drives this
substantial variance in Cd, Pb, and Cr. Therefore, specific industrial runoffs, waste dumps, or human-caused hotspots
are identified as likely contributors [53][54].

3.3. Hydro-chemical facies and governing processes

Four unique groundwater signatures were outlined by the hydrochemical facies analysis. Piper trilinear diagrams
(Fig. 2) visually translate these patterns. The varied hydrogeological and human-made backgrounds of the evaluated
city centers match these distinct groupings. A clear geochemical progression is uncovered by the assessment. This
shift moves from a baseline of natural weathering to intense anthropogenic modification.

An advanced evolutionary condition was demonstrated by the groundwater in Faisalabad. The central diamond of the
Piper diagram captured the majority of the plotted samples. These points fell inside the Ca-Cl (Zone 5). Additionally, a
significant number of samples showed Mg cation dominance (Zone C) (Fig. 2 A). Anthropogenic salinization is
definitively marked by this specific facies. Incoming saline industrial effluents have altered the natural hydrochemical
pathway. Concentrated irrigation return-flows further drive this severe disruption.

A more transitional nature was exhibited by Lahore's groundwater. The CaHCO3- type (Zone 1) and bicarbonate (Zone
E) grouped the samples together (Fig 2 A). The weathering of carbonate and silicate minerals dictates the baseline
chemistry here. Such weathering represents standard behavior for the alluvial aquifer.
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Figure 2. Piper diagrams showing groundwater facies in Punjab cities (Lahore and Faisalabad) (A) and Northern cities
(Swat and Batkhela) (B)

Conversely, a stable and natural geochemical profile was established by the groundwater from Swat and Batkhela. The
Ca-HCO3- (Zone 1) field uniformly captured the plotted samples from these northern municipalities (Fig. 2 B). Active
recharge zones in carbonate-dominated terrains are typified by this facies. The Mixed / Sulphate signature observed
in Swat reflects the specific geology of the northern mountainous region. Within these environments, the congruent
dissolution of calcite and dolomite alters recently infiltrated precipitation. A homogeneous hydrogeological setting is
implied by the tight clustering of the data points. Water-rock interaction remains the main controlling process across
this region. The Piper diagrams display a clear spatial trend. This gradient spans from the pure Ca-HCOs3- type in the
north to the Ca-Cl type across central Punjab. Ultimately, a direct visual correlation between land use intensity and
urban geochemical modification is supplied by this mapping.
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The fundamental mechanisms dictating solute acquisition in groundwater networks were further clarified through the
application of Gibbs ratio diagrams. These core processes encompass atmospheric precipitation, rock weathering, and
evaporation (Fig. 3). The distinct contamination pathways previously recognized by the Piper diagrams are
corroborated by these findings.
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Figure 3. Gibbs diagrams illustrating governing mechanisms in Punjab cities (Lahore and Faisalabad) (A and
B) and Northern cities (Swat and Batkhela) (C and D)

A sharp contrast between Faisalabad and the remaining municipalities is exposed by the findings. The majority of
samples from all cities fall within the central "Rock dominance" zone. This indicates that rock weathering is the main
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process controlling the chemical composition of the water. However, extreme EC and TDS measurements observed in
some samples from Faisalabad trend upward and right into the "Evaporation dominance" zone (Fig. 3 A and B). This
suggests that for these specific samples, evaporation is concentrating salts and increasing sodium levels. These results
confirm the intense accumulation of salts as the chief chemical driver, as arid territories regularly display this specific
trend. Zones undergoing substantial evaporative enrichment also exhibit this behavior. Human actions, such as

irrigation return flow and the vaporization of polluted, stagnant surface water, frequently accelerate this phenomenon
[46][55].

An alternative controlling mechanism was exhibited by the aquifers in Lahore, Swat, and Batkhela. The rock
dominance sector grouped the overwhelming bulk of specimens collected from these three locations. The weathering
and breakdown of the aquifer's resident minerals and rocks dictate the origin of major ions (Na*, K*, Ca%*, Mg®*,
HCO3"). Carbonates and silicates represent typical examples of these geological sources. Active hydrological networks
characteristically establish this anticipated natural baseline.

Interpreting PTE pollution relies heavily upon this crucial division. The dissolution of the aquifer matrix does not
naturally generate the concerning quantities of lead, cadmium, and chromium discovered across Lahore, Swat, and
Batkhela. Rather, surface-level human operations introduce these hazardous elements as external contaminants.
These foreign pollutants are subsequently layered over a baseline chemistry. Natural rock-water interactions
otherwise dictate this underlying groundwater composition. Identical anthropogenic hydrologic conditions might
simultaneously enrich major ions and PTEs throughout Faisalabad, however. The established evaporation dominance
strongly implies this concurrent concentration [56][57].

3.4. Source apportionment using multivariate statistics

3.4.1. Correlation analysis
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Industrial effluent, domestic wastewater, Figure 4. Pearson correlation coefficients between measured
and saline irrigation return flows. groundwater parameters (* p < 0.05, ** p < 0.02). Colors indicate strength
and direction of correlation, with red representing positive and blue

Agricultural influence was highlighted by a representing negative relationships

second, distinct correlation pattern. NOs3

and Mg?* shared a strong positive correlation (r = 0.93). Agricultural activity is heavily implicated by this robust
association. Specifically, nitrogen-based and potentially magnesium-containing fertilizers act as the predominant
source of nitrate contamination. Subsurface leaching serves as a key transport pathway to the groundwater for these
compounds.
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Common anthropogenic origins are suggested by several significant correlations among the PTEs. Moderate positive
correlations with Pb (r = 0.54) and Zn (r = 0.33) were demonstrated by Cd. Similar sources likely produce these
specific metals, as indicated by this pattern of co-occurrence. Mixed industrial discharges (e.g., metal plating and
battery manufacturing), municipal waste leachate, or the weathering of imported construction materials represent
probable origins. Furthermore, comparable geochemical mobility within the subsurface environment governs these
elements [58][59].

3.4.2. Principal Component Analysis (PCA)

The primary mixing sources within the groundwater were clarified through Principal Component Analysis (PCA) (Fig.
5). The main contamination levels and natural processes are effectively captured by four significant factors. A total of
75.8% of the variation in water quality data is collectively explained by these factors.
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Figure 5. PCA results: Scree plot showing variance explained by principal components (A); Loading plot
identifying contamination sources: F1 (anthropogenic salinization), F2 (agricultural influence) (B).

Human-made salinization (Factor 1) constituted the most dominant section with 38.2% of total variance explained by
this component. EC, TDS, NaCl, and S04 were positively clustered within this factor. Statistically, high salinity is
almost always accompanied by this specific ion mixture. This chemical signature points directly toward the seepage of
concentrated domestic and industrial wastewater, alongside evaporated irrigation water, into the aquifers. Faisalabad
exhibited the strongest presence of this fingerprint. Consequently, the city's water crisis is defined by this specific
pollution.

Agricultural influence (Factor 2) created a second, distinct driver with 18.9% of the total variance generated by this
element. A classic signature of fertilizer leaching from farmlands is represented by the paired elevation of NO3- and
Mg. The severe NOs- pollution plaguing groundwater in Swat and Batkhela is directly explained by this agricultural
runoff. Intense cultivation characterizes these specific regions [60].

Factor 3 (11.3% variance) uncovered a third concerning trend. Turbidity was bundled together with hazardous
metals, including Cd, Pb, Cr, Ni, and Zn, by this component. The connection to water opacity remains crucial. Tiny
particles of dust, industrial sludge, or eroded soil likely transport these attached metals. Uncontrolled discharges,
atmospheric fallout, or refuse dumps act as the primary sources, rather than direct dissolution from bedrock.

Finally, the natural background process of carbonate rock weathering was highlighted by Factor 4 (7.4% variance).
Bicarbonate and pH levels defined this final category. The base layer of regional water chemistry is established by this
weathering process, being most visible across the northern cities. Subsequent contamination layers were eventually
superimposed upon this natural foundation [61].
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3.4.3. Hierarchical Cluster Analysis (HCA)

Hierarchical Cluster Analysis was applied to 1200 4
objectively group the 60 sampling locations based on
the overall similarity of their hydrochemical profiles,
providing a spatial validation of the contamination
patterns identified by PCA. The resulting dendrogram
(Fig. 6) clearly segregated the samples into four 800
statistically distinct clusters C1-C4, which correspond
directly to both geographic location and
contamination severity.

These four final clusters correspond directly to the 400

spatial and contamination patterns identified

throughout this study. Cluster 1 represented in the

final stages predominantly comprises sites T
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urban-industrial signatures, primarily from Lahore. f)
The remaining clusters separate sites with moderate
nitrate influence and those representing the natural
background hydrochemistry of Swat and Batkhela.
The HCA thus provides quantitative, spatial validation
of the severe anthropogenic gradient across the urban centers [62].

1000 =

600

Distance

2 .
AL

B

bservations

Figure 6. HCA agglomeration schedule leading to the four-
cluster solution: FA: Faisalabad, LA: Lahore SW: Swat, BK:
Batkhela.

3.5. Health risk assessment
3.5.1. Non-carcinogenic risk

The Hazard Quotient (HQ) and  Table 3. Non-carcinogenic Health Risk Assessment (Hazard Quotient - HQ and
Hazard Index (HI) calculations Hazard Index - HI)

(Table 3) quantify the potential City Population HQ-Pb HQ-Cd HQ-Cr HQ-Ni HQ-Zn HI
non-carcinogenic health risks Lahore Adult 0.18 0.04 0.27  0.0003 0.000001 0.49
tied to long-term groundwater Child 0.25 0.06 0.38 0.0004 0.000001 0.69
consumption across the , Adult 0.61 0.35 0.42 0.0006 0.000070 1.39
evaluated urban centers. Varying ~ Taisalabad —— 4y 086 049 059 00008 0.000090 1.94
risk levels are revealed across Adult 0.91 0.31 0.61 0.0004 0.000080 1.83
the four cities. Notably, HI values Swat Child 1.27 0.43 0.86 0.0005 0.000110 2.56
surpassed the USEPA safety Adult 0.74 032 027 0.0003 0.000020 1.34
threshold of 1 in three of the four ~ Batkhela Child 1.04 045 038 00005 0.000020 1.87

study areas. HI > 1 indicates potential non-carcinogenic health risk (USEPA risk assessment

For the adult demographic, framework) [47][48]

calculated HI values spanned from 0.49 in Lahore to 1.83 in Swat. These figures demonstrate that while Lahore
presents no significant non-carcinogenic risk (HI < 1), adults in Faisalabad (HI = 1.39), Swat (HI = 1.83), and Batkhela
(HI = 1.34) face potential health hazards from chronic exposure. Children, characterized by lower body weight and
higher relative water intake, were found to be approximately 1.4 times more vulnerable than adults. Their HI values
ranged from 0.69 in Lahore to 2.56 in Swat, breaching the safe limit in Faisalabad (HI = 1.94), Swat (HI = 2.56), and
Batkhela (HI = 1.87).

Specific contaminants primarily drove this risk with Cd and Pb emerging as the dominant contributors to non-
carcinogenic risk across most municipalities, jointly accounting for 60% to 75% of the total HI. In Swat, for example,
these two metals alone generated an HI of 1.22 for adults. Cr also presented a notable non-carcinogenic threat,
especially in Swat and Faisalabad, contributing HQs of 0.61 and 0.42 for adults, respectively. Conversely, contributions
from Ni and Zn remained negligible across all studied regions.
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The spatial pattern of this risk largely mirrors the established contamination gradient. The industrial hub of
Faisalabad and the agriculturally influenced Swat valley present the highest HI values. Although Lahore's groundwater
appears to pose no significant non-carcinogenic risk, the elevated HI values observed throughout the remaining three
cities demand continued monitoring and public health intervention. This vigilance is particularly crucial for children,
who face the highest relative risk [63].

3.5.2. Carcinogenic risk health assessment

The  Carcinogenic  Risk  (CR)  Table 4. Carcinogenic Health Risk Assessment (Cancer Risk - CR)

assessment (Table 4) evaluates the City Population CR-Pb CR-Cd CR-Cr Total CR
lifetime cancer threat associated Adult 1.51x10-5 2.44%x104 1.37x104 3.96x104
with  chronic  ingestion  of  Lahore Child 211x10°  3.42x10* 191x10* 5.54x10+
groundwater contaminated with Pb, _ Adult 5.22x10-5 2.14x103 2.11x104 2.40x103
Cd, and Cr. The CR ranged from Faisalabad Child 731x105  2.99x10% 2.96x10*+ 3.36x107
3.96x10* for adults in Lahore to Adult 7.70x105  1.88x103 3.06x10* 2.27x103
3.36x10-3 for chi?dr(?n in Faisalabad. Swat Child 1.08x104 2.64x103 4.29x10-4 3.18x10-3
These values indicate ~that the Adult  631x105  195x103 137x10% 2.15x103
lifetime  cancer risk exceeds the  Batkhela Child 8.84x105  2.73x10° 1.91x10+ 3.01x10%

USEPA's  maximum  acceptable

o Note: CR values are dimensionless and represent the incremental probability of
regulatory limit of 1x10-* by factors

) i developing cancer over a lifetime. USEPA acceptable risk range is 1x10-6 to 1x10-4.
ranging from approximately 4 to 34,  yalyes exceeding 1x10-4 indicate elevated carcinogenic risk.
depending on the city and

population group.

Cd was identified as the predominant carcinogenic driver, contributing over 85% of the total CR in most cities, owing
to its elevated concentrations and potent cancer slope factor. Cr emerged as the secondary contributor, adding a
moderate increment to the overall risk. Children consistently faced approximately 1.4 times higher carcinogenic risk
than adults across all cities, reflecting their greater susceptibility due to higher relative water intake and lower body
weight.

A probabilistic Monte Carlo simulation, accounting for variability in exposure parameters, was conducted to
characterize uncertainty in the risk estimates. The 95t percentile risk estimates ranged from approximately 1x10-3 to
5x10-3, indicating that even under conservative assumptions, the risk remains above the USEPA threshold in
Faisalabad, Swat, and Batkhela. Sensitivity analysis identified groundwater metal concentration as the most influential
parameter, contributing 78% of the output variance, followed by daily ingestion rate at 15%. This underscores that
source control to reduce contaminant concentrations is the most effective strategy for mitigating carcinogenic risk in
these urban centers [25].

4. Discussion

4.1. Hydrochemical evolution and contamination pathways

The distinct hydrochemical facies identified across the study areas serve as a direct geochemical record of human
impact on aquifer systems. The transformation of groundwater in Faisalabad to a dominant Ca-Cl type represents a
profound departure from its natural alluvial aquifer evolution. This facies is a definitive marker of extreme
anthropogenic salinization, a process where natural hydrochemical trajectories are overridden by the infiltration of
concentrated ionic loads [64]. The source is likely the leaching of industrial wastewater rich in sodium, chloride, and
sulfate from textile dyeing, chemical manufacturing, and metal processing, combined with saline irrigation return
flows [65]. The strong correlations r > 0.95 among EC, TDS, Cl, Na*, and SO4% provide quantitative confirmation that
these ions originate from a unified contamination source, consistent with industrial and municipal effluent discharge.

Conversely, the consistent Ca-HCOs- facies in Swat and Batkhela confirms their hydrogeological setting as active
recharge zones where recently infiltrated meteoric water undergoes congruent dissolution of carbonate minerals
[66]. This indicates a system where natural rock-water interaction remains the primary control on major ion
chemistry. However, the presence of severe nitrate contamination within these pristine facies reveals that a significant
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anthropogenic pollutant has been superimposed [67]. This illustrates how intensive agricultural practices,
particularly fertilizer application, can degrade groundwater quality even in geochemically immature, fast-recharging
systems.

Furthermore, the high coefficients of variation CV > 1 observed for most parameters, especially PTEs, are highly
diagnostic. This pronounced spatial heterogeneity strongly argues against regionally elevated geogenic backgrounds
as the primary cause of contamination. Instead, it points to localized, point-source contamination from specific
anthropogenic hotspots such as industrial discharge points, unlined waste dumps, leaking sewage infrastructure, or
small-scale industrial clusters [66]. This pattern suggests that remediation and monitoring efforts must be
strategically targeted rather than applied uniformly across these urban landscapes.

4.2. Source apportionment: decoupling anthropogenic from geogenic signals

The application of multivariate statistics, particularly PCA, successfully disentangled the complex mixture of
influences on groundwater chemistry, providing a quantitative framework for source identification. The dominance of
Factor 1, accounting for 38.2% of the total variance, indicates that industrial and municipal wastewater is a significant
driver of groundwater degradation in this study. This factor, with its high loadings on EC, TDS, Na*, Cl, and SO4?,
quantifies the ionic footprint of discharges from sectors such as textile processing, chemical manufacturing, and
tanneries, which is prominently evident in Faisalabad's groundwater [68].

Factor 2 isolates a diffuse but important contamination pathway. The strong pairing of NO3 and Mg2?+ r = 0.93 is a
recognized signature of fertilizer leaching. This association likely stems from the use of magnesium-containing
fertilizers e.g., dolomitic lime or the geochemical co-mobilization of Mg2* ions driven by the infiltration of nitrate
solutions through the soil profile, a well-characterized process in agricultural settings [69]. This factor explains the
elevated nitrate concentrations observed in the agricultural regions of Swat and Batkhela, despite their otherwise
natural hydrochemical facies.

A finding with implications for risk management emerges from Factor 3. The co-loading of key PTEs (Cd, Pb, Cr, Ni, Zn)
with turbidity indicates that these metals may not be primarily present as freely dissolved ions. Instead, they may be
transported adsorbed onto fine suspended particles derived from sources such as industrial sludge, eroded
contaminated soils, or atmospheric dust fallout [70]. This mechanistic insight suggests that point-of-use water
treatment methods involving physical filtration could be effective in reducing human exposure to these toxic metals,
offering a practical interim mitigation strategy.

The spatial validation provided by HCA reinforces these interpretations. The exclusive grouping of Faisalabad's
samples into Cluster C1, characterized by elevated salinity and metal content, geographically anchors the
anthropogenic salinization factor. The separation of other clusters further distinguishes between sites influenced by
PTE pollution and those influenced by nitrate, confirming that the statistical source apportionment reflects real-world
patterns of contamination across the urban landscape.

4.3. A public health emergency: quantifying the risk

The geochemical data is translated into a quantitative evaluation of potential health impacts linked to long-term
groundwater consumption through the health risk assessment. The non-carcinogenic HI values, ranging from 0.49 to
2.56, surpass the USEPA safety threshold of 1 across three of the four cities: Faisalabad, Swat, and Batkhela. This
exceedance indicates a potential risk of systemic toxicity, encompassing possible neurological, renal, and
developmental effects stemming from chronic exposure. The consistent finding that children face an approximately
40% higher risk than adults highlights the disproportionate vulnerability of this demographic. Their developing
bodies remain inherently more susceptible to toxic insults.

Particular attention is warranted by the predominance of Pb and Cd as the primary drivers of non-carcinogenic risk.
Cumulative neurotoxic and nephrotoxic effects characterize these elements, even at relatively low exposure levels
[71]. A clear need for targeted biomonitoring and clinical attention within these communities is suggested by their
dominance in the risk profile across Faisalabad, Swat, and Batkhela. Such interventions would better assess ongoing
exposure and potential health outcomes.
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The significance of the situation is further underscored by the CR estimates. Total CR values, ranging from 3.96 x 10™*
to 3.36 x 1073, translate to an estimated 0.04% to 0.34% increased probability of developing cancer over a lifetime
strictly from drinking water consumption. The USEPA's maximum acceptable regulatory limit of 1 x 10™* is exceeded
by these risks by factors of approximately 4 to 34. The robustness of these findings is supported by the probabilistic
Monte Carlo simulation. This analysis demonstrates that, even when accounting for variability in exposure factors, the
95th percentile estimates remain elevated and continue to exceed the USEPA threshold across the three high-risk
cities.

Critically, a clear direction for intervention is provided by the sensitivity analysis. Groundwater metal concentration
accounts for 78% of the variance in the calculated cancer risk. This observation underscores source control as the
most effective strategy for risk mitigation. Regulatory efforts focused solely on monitoring, or a reliance on dilution,
may prove insufficient according to this evidence. A necessary pathway for protecting public health in the affected
urban centers involves prioritizing measures to reduce contaminant inputs from industrial and municipal sources,
alongside dedicated investment in water treatment infrastructure.

4.4. Comparative context and temporal trends

The contamination levels documented in this study warrant comparison with previously reported data from the same
regions. Pb concentrations in Swat mean 3.17 pg/L and Cd concentrations in Faisalabad mean 3.50 pg/L are generally
consistent with or moderately elevated relative to earlier studies [72]. This suggests a potential trajectory of
increasing contamination linked to urban and industrial growth, though further time-series data would be needed to
confirm such trends definitively. When placed in a regional context, the health risks identified for residents of
Faisalabad and Swat are comparable to or exceed those reported for industrialized areas in neighboring South Asian
countries [73]. This comparative analysis suggests that groundwater quality in these Pakistani urban centers
represents a significant public health concern that warrants attention from policymakers and water resource
managers. The findings highlight the need for improved wastewater management practices, stricter enforcement of
environmental regulations, and investment in alternative drinking water sources for affected communities.

4.5. Policy imperatives and pathways to mitigation

The empirical evidence presented in this study underscores the need for a strategic approach to Pakistan's
groundwater management. The widespread contamination has compromised a portion of the shallow urban
groundwater resource, creating a direct challenge to water safety. To translate these scientific findings into actionable
policy, a tiered and evidence-based strategy is essential.

First, immediate public health protection should be a priority. In identified high-risk zones, such as the highly
contaminated Cluster C1 in Faisalabad, authorities should consider measures including the deployment of alternative
safe water supplies and the distribution of certified point-of-use filtration systems capable of removing particulate-
bound metals and pathogens. These represent stopgap measures to reduce ongoing exposure while longer-term
solutions are developed.

Second, regulation and enforcement should be targeted based on source apportionment. A one-size-fits-all policy is
unlikely to be effective. In industrial corridors such as Faisalabad and parts of Lahore, more focus should be
concentrated on enforceable effluent standards for high-risk industries, backed by monitoring and penalties for non-
compliance. Strategic industrial zoning may help separate pollution sources from critical aquifer recharge areas. In
agricultural regions such as Swat and Batkhela, policy should promote nutrient management plans to optimize
fertilizer use, incentivize the construction of vegetative buffer strips to intercept nitrate-rich runoff, and protect
recharge zones from encroachment and pollution.

Third, technology deployment should leverage the specific contamination mechanisms identified. The finding that
metals are largely particulate-bound is promising for remediation. Promoting and subsidizing decentralized water
treatment technologies, such as ceramic filters or activated carbon units, can provide a household-level barrier. This
should be accompanied by investment in centralized treatment infrastructure for piped supplies.

Finally, sustainable solutions require coordination across institutional boundaries. An integrated water resource
management (IWRM) framework is critical. This framework should link the permitting decisions of environmental
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protection agencies, the extension services of agricultural departments, the master plans of urban development
authorities, and the surveillance programs of public health departments [74]. Groundwater quality should become a
central metric in evaluating development projects and urban growth. Through such an integrated, source-to-tap
approach, the cycle of contamination can be addressed and water security restored.

5. Conclusion

Groundwater quality in four urban centers in Pakistan (Lahore, Faisalabad, Swat, and Batkhela) was evaluated
through a combination of hydrochemical analysis and probabilistic health risk assessment. Distinct anthropogenic
pressures and hydrogeological settings are reflected in the varying contamination levels identified across these
regions. This data highlights how human activity shapes local water chemistry.

A precise gradient of human impact is delineated by the research. Elevated salinization and trace metal contamination,
specifically Cd and Pb, were observed in Faisalabad due to its intensive industrial profile. Moderate metal levels and
high nitrate concentrations were recorded in the developing agricultural zones of Swat and Batkhela. These results
point toward significant inputs from farming activities. Although the impact was less severe in Lahore, localized
contamination was identified. This necessitates ongoing surveillance of the city's aquifers.

Three primary sources (industrial and municipal wastewater, agricultural runoff, and particulate-bound metal
discharges) were identified through multivariate statistical approaches. A framework for targeted intervention
strategies is established by this source apportionment.

Quantitative indicators of potential health concerns were generated by the health risk assessment. The USEPA safety
threshold of 1 for non-carcinogenic HI was exceeded in three regions. Values reached 1.94 in Faisalabad, 2.56 in Swat,
and 1.87 in Batkhela for children, whereas Lahore remained within safe limits. The USEPA limit of 1x10-4 was
surpassed by CR estimates, which ranged from 3.96x10-* to 3.36x10-3. These figures exceed acceptable standards by
roughly 4 to 34 times. Heightened public health attention is warranted by these findings. While not catastrophic, the
risks are particularly concerning for children, who face a disproportionate burden.

Degraded groundwater quality in these urban centers is driven by current patterns of industrial effluent, agricultural
practices, and municipal waste management. Stronger regulatory enforcement, investment in treatment
infrastructure, and targeted source control measures are required to address these challenges. A scientifically
informed roadmap for mitigation is provided by the recommendations. These include implementing region-specific
management frameworks and adopting advanced water treatment technologies.

A transferable approach for assessing groundwater contamination in urban settings is offered by the integrated
methodology developed here. This work supports global efforts to mitigate the degradation of urban water supplies.
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