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Abstract: The Lahore–Islamabad Motorway (M-2) is a critical transportation corridor
in Pakistan, where contamination in roadside dust by potentially toxic elements (PTEs)
presents potential environmental and health concerns. This study evaluates the concentra-
tion, spatial distribution, and ecological risks of PTEs (Mn, Ni, Cr, Cu, Pb, Zn, Cd, Ag, Fe)
in road dust along the M-2. PTE concentrations were determined using standard protocols
and by analysis using an atomic absorption spectrometer. The findings indicate substantial
variability in metal concentrations, with Fe (CV% = 9.35%) and Pb (CV% = 7.06%) display-
ing the highest consistency, whereas Ni exhibited the greatest fluctuation (CV% = 168.80%).
Contamination factor analysis revealed low to moderate contamination for Ni and Fe, while
Zn contamination was significant in 60% of samples. Cr and Cd exhibited persistently high
contamination, and Pb was uniformly elevated across all locations. Ecological risk assess-
ment categorized Ni, Zn, and Cu as low-risk elements, while Pb posed a substantial risk.
Cd concentrations indicated high to extreme ecological hazards, emphasizing the necessity
for urgent mitigation measures. Factor analysis suggested an interaction of various sources,
including industrial, vehicular emissions, and construction materials. Strengthened pollu-
tion control strategies and systematic monitoring are essential for mitigating contamination
and ensuring environmental sustainability along the motorway.

Keywords: potentially toxic elements; health risks; ecological risks; road dust; spatial
distribution; sources

1. Introduction
Potentially toxic elements (PTEs) are elements with a specific gravity exceeding

5.0 g/cm3, and they are ubiquitous in environmental components [1]. Their presence
in the environment results from natural processes such as weathering, erosion, volcanic
activity, and atmospheric deposition, as well as anthropogenic sources, including fossil fuel
combustion, industrial emissions, and metallurgical processes [2,3]. In recent years, a grow-
ing body of research has documented widespread contamination of soils and sediments by
PTEs such as lead, cadmium, zinc, and copper. Surveys conducted across diverse environ-
ments, ranging from agricultural fields and roadside verges to riverine and coastal deposits,
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have repeatedly demonstrated PTE concentrations exceeding both natural background
levels and established guideline values [4–6].

Among the significant contributors to PTE pollution is vehicular traffic, which releases
contaminants through tire wear, brake lining abrasion, and road surface degradation [7,8].
Common PTEs detected in roadside dust include lead (Pb), cadmium (Cd), copper (Cu), and
zinc (Zn). Pb contamination primarily originates from leaded gasoline and paint residues,
while Zn, Cu, and Cd are linked to tire wear, lubrication, and mechanical components.
Nickel (Ni) and chromium (Cr) are commonly associated with vehicle corrosion [9,10].

Geogenic contributions to roadside dust contamination originate from the mechanical
and chemical weathering of local lithologies, encompassing the breakdown of parent rock
formations and the entrainment of soil and aeolian particles. Differentiating these natural
inputs from anthropogenic emissions is critical for accurate source apportionment. In
Tehran, rare earth element (REE) geochemistry and chemical indices of alteration to street-
deposited dust were applied to reveal a dominant derivation from intermediate–mafic
igneous rocks of the Archean greenstone belt and secondary mixing with Alborz carbonate
formations [11]. In Baoji, China, principal component analysis (PCA) on concentrations
of eight PTEs against regional upper-crust and local soil background values suggested
that As and vanadium (V) loadings clustered with parent-rock signatures accounting for
55–70% of the variance, whereas lead (Pb), zinc (Zn), and copper (Cu) exhibited mixed
lithogenic–anthropogenic origins [12]. Further, a study conducted in Moscow used size-
fractionation (PM1, PM1–10, PM10–50), coupled with a source apportionment model, to
demonstrate that resuspension of local soil and rock contributes 34% of total PTE mass in
bulk dust and up to 64% in the PM10 fraction [13]. A subsequent study further quantified
that geogenic sources account for 60–70% of PTE content in coarser (PM10–50) fractions,
whereas fine particles (<10 µm) bear a larger anthropogenic signature [14]. Climatic and
geomorphological factors also modulate geogenic dust loads: a study from Bangladesh
reported that monsoon-driven soil erosion markedly elevates geogenic Zn, Cu, Pb, Ni,
Cr, Mn, and Co in street dust, producing spatial and seasonal heterogeneity in elemental
distributions [15].

Recent advancements in environmental pollution studies have introduced innovative
methodologies for apportioning the sources of heavy metals. Machine learning techniques,
such as self-organizing maps (SOMs) and positive matrix factorization (PMF), among
others, have been employed to identify and quantify pollution sources with increased
accuracy and efficiency [16,17]. Geostatistical methods have also been integrated into source
apportionment studies to enhance spatial resolution and identify pollution hotspots [18].
While these advanced techniques offer promising avenues for source apportionment,
traditional methods such as correlation, factor, and cluster analysis remain widely used
due to their simplicity and effectiveness in certain contexts.

Potentially toxic elements pose a significant environmental and public health risk due
to their persistence, bioaccumulative nature, and toxicity [19,20]. Roadside dust contami-
nated with PTEs can affect human health through inhalation, ingestion, and dermal expo-
sure, potentially leading to severe health complications and ecosystem disruption [21–23].
The assessment of PTE contamination in road dust is often conducted using ecotoxico-
logical risk factors, including pollution indices and assessments of ecological and human
health risks [24,25]. These risk assessment models provide quantitative data that aid in
decision-making for environmental conservation and pollution control [20,26]. Recent
studies have reported PTE contamination in roadside dust in various regions, including
China [27] and Egypt [22]. Recent research in South Asia has increasingly focused on heavy
metal contamination in urban dust, particularly in areas of high traffic density. Studies
from Bangladesh [28] and India [29] have reported elevated levels of Pb, Zn, and Cd in
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street dust, linking them to vehicular and industrial sources. In Pakistan, limited but
emerging work has identified similar patterns, with research reporting significant PTE
concentrations in roadside dust from Abbottabad [30]. These studies highlight the need for
further investigation along major transportation corridors.

However, limited research has been conducted on the extent of PTE contamination
and associated risks along major transportation routes in Pakistan. The Lahore–Islamabad
Motorway (M-2) is one of the country’s busiest highways, serving as a vital transportation
corridor. Despite its significance, no comprehensive study has been conducted to evaluate
the contamination levels and potential risks of PTEs in roadside dust along the M-2.

This study aimed to assess PTE contamination, potential risks, and spatial distribution
in roadside dust along the M-2 motorway by determining the concentration of PTEs, eval-
uating pollution quantification factors, and analyzing ecological and human health risks.
The study was guided by the following implicit questions: (1) what are the concentrations
of PTEs in roadside dust along the M-2 motorway? (2) What is the level of ecological and
human health risk associated with these contaminants? (3) How are these risks spatially dis-
tributed? The novelty of this research lies in its first-time assessment of PTE contamination
along this major route, integrating pollution indices and risk evaluations with spatial distri-
bution mapping. The significance of this study extends beyond environmental assessment,
as its findings will aid in the development of mitigation strategies, inform policymakers,
and contribute to public health risk management. By providing a comprehensive dataset on
PTE pollution along the M-2, this research will help bridge the knowledge gap in Pakistan’s
roadside contamination studies and support future regulatory interventions.

2. Materials and Methods
2.1. Study Area

The Lahore–Islamabad Motorway (M-2) serves as a critical transportation corridor in
Pakistan linking two major urban centers, Lahore and Islamabad. Spanning approximately
375 km, this six-lane controlled-access highway traverses diverse geographical landscapes,
including agricultural fields, industrial zones, and urban peripheries (Figure 1). Given its
high traffic volume and extensive vehicular activity, the M-2 significantly contributes to
environmental pollution, particularly PTE deposition from vehicular emissions, tire wear,
and road dust accumulation. The motorway’s strategic importance and role in regional
connectivity make it a suitable study area for assessing pollution levels and their potential
ecological and human health impacts. Additionally, the surrounding land use patterns,
which include residential settlements, farmlands, and industrial sites, further emphasize
the necessity of evaluating contamination levels along this route. Along this route, the
geology shifts from the fluvio-lacustrine deposits of the Murree Formation—interbedded
purple-grey to greenish-grey sandstones, shales, and intraformational conglomerates—
through the Lockhart Limestone and Patala Formation carbonates of the Paleocene to
Eocene age in the Potwar foothills [31]. Transitioning northward, the motorway cuts across
the Salt Range, where thick evaporitic sequences of the Precambrian Salt Range Formation,
hosting extensive halite diapirs and red siliciclastic marls, form prominent escarpments
and serve as basal décollement zones facilitating Himalayan thrust sheet propagation [32].
In the southern extents near the Lahore plains, the motorway overlies Quaternary alluvial
fan and fluvial deposits, i.e., unconsolidated silts, sands, and gravels [33,34].
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Figure 1. Location map of the study area showing road dust sample sites portrayed along with the
geology of the area (a) and land use/land cover (b) of the study area.

2.2. Sample Collection

Sampling locations were selected based on land-use characteristics, including high-
traffic zones, industrial areas, residential districts, and mixed-use regions, to capture a
comprehensive representation of potential contamination sources. The sampling density
was designed to ensure adequate spatial resolution along the entire stretch of the M-2
Motorway, with 30 sampling points positioned in a manner to reflect variations in land
use and environmental exposure [35,36] At each site, a composite sampling approach was
employed, wherein road dust was collected from multiple points within a 1 m2 area using
a clean nylon brush and a plastic dustpan. A minimum of 500 g of road dust was obtained
per location to ensure a sufficient quantity for analysis [37,38]

To minimize cross-contamination, collected samples were immediately transferred
into airtight, pre-labeled polyethylene bags. Each label included essential details such as
sample ID and GPS coordinates. The samples were then transported to the laboratory in
insulated containers to prevent exposure to external contaminants. Upon arrival, they were
air-dried (45 ◦C) for two weeks [39]. The dried samples were subsequently sieved through
a 200-size stainless-steel mesh to eliminate large particles and organic debris. The sieved
samples were then dried at 105–110 ◦C to remove moisture.

2.3. Sample Preparation and Analysis

The digestion method employed in this study was selected to ensure comprehensive
dissolution of a wide range of potentially toxic elements (PTEs) commonly bound to both
organic matter and mineral matrices in road dust. The tri-acid digestion approaches are
widely recognized for their ability to extract total metal concentrations from complex
environmental matrices [40]. An accurately weighed 1.00 ± 0.01 g aliquot of sieved road
dust was transferred into a clean 100 mL PTFE digestion vessel. To initiate digestion, 10 mL
of concentrated nitric acid (HNO3, 69%) was added, and the mixture was left to stand at
room temperature for 30 min. The vessel was then placed on a hot plate and heated gently
at 95 ◦C for 1 h. Following this, 5 mL of concentrated hydrochloric acid (HCl, 37%) was
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introduced to enhance the dissolution of carbonate and exchangeable metal fractions. The
mixture was further heated for 30 min.

Subsequently, 3 mL of hydrofluoric acid (HF, 48%) was cautiously added to facilitate
the decomposition of silicate-bound metals. The sample was heated at 120–130 ◦C for an
additional 60 min, taking care to avoid complete dryness. After cooling to room tempera-
ture, the residue was reconstituted with 10 mL of 1:1 HCl and transferred quantitatively to
a 50 mL acid-washed volumetric flask. The solution was brought to volume with deion-
ized water and passed through a 0.45 µm PTFE membrane filter to remove any insoluble
particulates. The resulting solution was stored in acid-washed polypropylene bottles until
PTE analysis was performed using an atomic absorption spectrometer. All reagents used
were of analytical grade, and deionized water was used for all dilutions.

2.4. Quality Assurance and Control

All glassware and PTFE digestion vessels were acid-washed in 10% HNO3 and thor-
oughly rinsed with deionized water prior to use to minimize contamination. Procedural
blanks and duplicate samples were analyzed to ensure accuracy and precision. Instrument
calibration was performed using standard solutions prepared from high-purity single-
element stock solutions (≥99.9%). All sample measurements were conducted in triplicate,
with relative standard deviations (RSDs) maintained below 10% to ensure reproducibility.
Contamination control, blank corrections, and spike recovery tests were implemented
throughout the analytical process to uphold data quality and integrity. Recovery rates fell
within the acceptable range of 85–110%, indicating the suitability of the analytical proce-
dures for quantifying PTEs. The limits of detection (LODs) for the analyzed potentially
toxic elements (PTEs) using atomic absorption spectrophotometry were as follows: Ni
(0.01 mg/kg), Fe (0.05 mg/kg), Zn (0.005 mg/kg), Cu (0.005 mg/kg), Pb (0.01 mg/kg), Cr
(0.01 mg/kg), Mn (0.005 mg/kg), and Cd (0.001 mg/kg).

2.5. Environmental and Ecological Risks

The contamination factor (Cf) was used for the evaluation of environmental risks. Cf
can be estimated using Equation (1) [37]:

Cf = Ca/Cb (1)

In the abovementioned equation, Ca is the concentration of the PTE road dust mg/kg,
and Cb is the average shale values in mg/kg for each PTE adopted as background values
in this study [40].

Further to envisage the cumulative effects of PTE concentration on environmental
health, the pollution load index (PLI) was calculated for each sample. The PLI can be
calculated using Equation (2) [41]:

PLI = 1/n
√

Cf1 × Cf2 × . . . × Cfn (2)

In Equation (2), Cf is the contamination factor estimated earlier for each element.
Moreover, the geoaccumulation index (Igeo) is a useful tool to provide insights re-

garding the contamination caused by a PTE. It can be used to compare the levels with
pre-industrial times. The Igeo was estimated using Equation (3) [42]:

Igeo = log2

{
Ca

1.5Ba

}
(3)

where Ca is the concentration of an element in the sample, Ba is the background of the
particular element, and 1.5 is the background correction factor.
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In order to assess the ecological risks posed by the PTEs in roadside dust, the potential
ecological risk index was adopted [42]. The PERI index is calculated in two steps: in the
first step, the risk index (RI) is calculated for each PTE. The RI is a useful indicator of the
sensitivity of biological components to a particular PTE, while the potential ecological risk
index (PERI) presents the cumulative effect of all elements on ecotoxicity. The equations
used for the calculations of the indices are provided in Equations (4) and (5) [43]:

RI = CFh × Th
r (4)

PERI = ∑n
h=1 RI (5)

where CFh and Th
r represent the contamination factor and toxicity response factor of

each element h. The toxicity response factor for each PTE was adopted from a previous
study [44].

2.6. Human Health Risks

PTE may pose health risks to humans through multiple routes. In this study, the
potential health risks posed by PTE concentrations in roadside dust to adults and children
were investigated by assessing three exposure routes, i.e., ingestion, inhalation, and der-
mal contact. The estimations were performed by adopting a widely used methodology
developed by USEPA [43,45].

The method involves the estimation of chronic daily intake for each PTE in mg/kg/d:

CDIing = C × ingR × EF × ED
BW × AT

× 10−6 (6)

CDIinh = C × InhR × EF × ED
PEF × BW × AT

(7)

CDIdermal = C × SL × SA × ABS × EF × ED
BW × AT

× 10−6 (8)

where C represents the concentration of PTEs in roadside dust samples. InhR and IngR
denote the inhalation and ingestion rates, respectively, EF refers to the exposure frequency
(days per year), and ED signifies the duration of exposure (years). CR corresponds to the
contact or adsorption rate, BW represents the body weight of the exposed individual (kg),
and PEF is the particle emission factor (m3/kg). The details of the metrics and explanations
of the methods are provided in [20,25]. Further, the hazard quotient (HQ) and hazard index
were calculated as follows [41]:

HQ =
CDIith

n

RfDith
n

(9)

HI = ∑n
i HQingR + ∑n

i HQinhR + ∑n
i HQdermal (10)

In the above-mentioned equations, HQ is the hazard quotient estimated for each PTE
via a specific exposure route. CDI is the chronic daily intake for the ith PTE via the nth
exposure route, and RfD is the reference dose of the PTE via the nth route. HI is the hazard
index, which signifies the combined effect of exposure to all routes on human health. HQ
and HI, if >1, would suggest a significant health hazard to individuals in the study area [25].

2.7. Statistical and Spatial Analysis

All multivariate and correlation analyses were conducted in SPSS v.24 (IBM Corp.,
Armonk, NY, USA). In other cases, such as the creation of a corplot, relevant packages in the
R programme 4.2.1 were used. Before analysis, PTE concentrations were tested for normality
using the Shapiro–Wilk test; non-normal variables were log-transformed where appropriate.
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Spearman’s rank correlation coefficients were calculated to assess monotonic relationships
among all pairs of PTEs in the road dust samples. To identify potential contamination
sources, we performed exploratory factor analysis (EFA) using the principal component
extraction method. Factors with eigenvalues >1.0 were retained, and factor loadings were
rotated using the varimax method to maximize interpretability. PTEs with absolute loadings
≥0.50 on a given factor were considered characteristic of that source. Prior to EFA, the
Kaiser–Meyer–Olkin measure of sampling adequacy (MSA = 0.57) was calculated, and
Bartlett’s test of sphericity (112.4, p < 0.001) indicated sufficient inter-item correlations for
factor analysis. Communalities for most PTE variables exceeded 0.50, indicating that a
substantial proportion of variance was captured by the extracted components. Spatial and
chemical similarity among sampling sites was explored via agglomerative hierarchical
clustering. Squared Euclidean distance was used as the proximity measure, with Ward’s
linkage method to minimize within-cluster variance. The optimal number of clusters was
determined by using the majority rule by employing the NbClust package in R (version
4.2.1). ArcGIS 10.5 and QGIS 3.40.1 were used to map the geographic distribution of the PTE
and indexical measures using a continuous graduated color symbology for concentrations.

3. Results
3.1. General Description

The summary statistics for PTE analyzed in this study are presented in Table 1.
The raw data of the analysis are provided in Table S1 (Supplementary Materials). The
spatial distribution of PTE concentrations is shown in Figure 2. Ni exhibited substan-
tial variability, ranging from 1.4 to 263 mg/kg (41.49 ± 70.04 mg/kg, CV% = 168.80%),
while Fe showed more consistency, with concentrations between 33,600 and 68,800 mg/kg
(62,646.67 ± 5854.84 mg/kg, CV% = 9.35%). Zn and Cu displayed moderate to high vari-
ability, with Zn ranging from 203 to 402 mg/kg (295.06 ± 45.38 mg/kg, CV% = 15.38%)
and Cu spanning 28 to 180 mg/kg (72.61 ± 34.34 mg/kg, CV% = 47.30%). Pb and
Cr exhibited relatively stable concentrations, with Pb ranging from 227 to 289 mg/kg
(255.48 ± 18.03 mg/kg, CV% = 7.06%) and Cr from 137 to 415.6 mg/kg (301.02 ± 59.25 mg/kg,
CV% = 19.68%). Mn and Cd showed moderate variability, with Mn concentrations between
1199 and 2765.5 (mean = 1826.42 ± 373.83 mg/kg, CV% = 20.47%) and Cd ranging from
5 to 12 (mean = 8.26 ± 2.05 mg/kg, CV% = 24.80%). Overall, most PTEs demonstrated
significant variability, with higher CV% values likely influenced by localized environmen-
tal conditions.

Table 1. Descriptive statistics of potentially toxic elements in road dust samples.

Ni Fe Zn Cu Pb Cr Mn Cd

Min 1.4 33,600 203 28 227 137 1199 5

Max 263 68,800 402 180 289 415.6 2765.5 12

Mean 41.49 62,646 295.06 72.6 255.48 301.02 1826.41 8.26

SD 70.03 5854.83 45.37 34.34 18.03 59.25 373.83 2.04

CV% 168.79 9.34 15.37 47.29 7.058 19.68 20.46 24.8
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Figure 2. Spatial distribution of PTE (mg/Kg) from (a–h), Ni, Fe, Zn, Cu, Pb, Cr, Mn, and Cd.

3.2. Contamination and Geoaccumulation

The contamination factor (Cf) results, summarized in Table 2, indicate considerable
variability across different metals. Ni exhibited a wide range of values, with the majority
of samples falling below the contamination threshold, except for a few that displayed
moderate contamination (S29) and others showing considerable contamination (S14, S24,
S28). Fe remained relatively stable, with most samples classified within the moderate
contamination category, aside from a single instance of lower contamination (S9). Zn and
Cu demonstrated broader distributions, with Zn exhibiting predominantly considerable
contamination in 60% of samples and moderate levels in 40%, while Cu showed moderate
contamination in most cases (74%), with a smaller proportion classified as either low
(16%) or considerable (10%). Pb consistently displayed elevated contamination levels
across all samples, maintaining values significantly above the contamination threshold. Cr
and Mn exhibited distinct contamination patterns, with Cr showing a tendency toward
considerable contamination in most cases (84%), whereas Mn was largely categorized
within the moderate range, with only one sample suggesting a higher contamination level.
In contrast, Cd consistently recorded the highest contamination levels among all elements,
indicating a severe and widespread impact across all samples.

Table 2. Statistical summary of contamination factors for each potentially toxic element included in
the study.

Ni Fe Zn Cu Pb Cr Mn Cd

Min 0.02 0.71 2.13 0.60 11.35 1.52 1.41 16.66

Max 3.86 1.45 4.22 4.00 14.44 4.61 3.25 39.16

Mean 0.63 1.32 3.13 1.55 12.86 3.46 2.14 28.21

SD 1.02 0.12 0.47 0.76 0.90 0.66 0.43 6.82

The geoaccumulation index (Igeo) results, as shown in Table 3, provide further insight
into contamination intensity relative to baseline levels. Ni demonstrated substantial vari-
ability, with only a few samples exhibiting moderate contamination (S14, S24, S28), while
the majority remained at lower contamination levels. Fe presented a narrow range, indicat-
ing persistently low contamination with minimal fluctuation. Zn and Cu followed distinct
trends, with Zn predominantly falling within the moderate contamination category (60%)
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and low contamination (40%), whereas Cu was largely characterized by low contamination,
apart from a few samples (S2, S22, S27) displaying moderate contamination. Pb exhibited
consistently strong contamination across most samples, with the majority (77%) classified
within the high-contamination category and a smaller proportion (23%) falling into the
moderate range. Cr reflected moderate contamination in the vast majority of cases (84%),
while Mn remained predominantly low (98%), with only a minimal number of samples
indicating moderate contamination. Cd, on the other hand, displayed persistently strong
contamination across all samples, reinforcing its role as a primary contributor to overall
pollution levels. These findings highlight the variability in contamination patterns among
metals, with certain elements exhibiting more widespread and severe contamination, while
others demonstrate localized or lower levels of accumulation.

Table 3. Statistical summary of geoaccumulation index.

Ni Fe Zn Cu Pb Cr Mn Cd

Min −6.19 −1.08 0.51 −1.27 2.92 0.02 −0.09 3.47

Max 1.37 −0.04 1.50 1.42 3.27 1.62 1.12 4.71

Mean −2.47 −0.19 1.03 −0.03 3.09 1.12 0.49 4.15

SD 1.70 0.17 0.22 0.62 0.10 0.33 0.29 0.36

3.3. Pollution Load and Ecological Risks

The pollution load index (PLI) serves as a composite measure reflecting the cumulative
impact of PTE on pollution levels. As depicted in Figure 3a, the PLI values in this study
ranged from 1.95 to 3.98 (2.87 ± 0.48), exhibiting minimal variation across the study
area. Based on these values, 33% of samples fell into the highly contaminated category
(3 < PLI < 4), while only one sample (S8) indicated mild pollution, with PLI falling between
1 and 2. A major proportion of samples (66%) were classified as moderately polluted,
reflecting the composite PTE loads.

Figure 3. (a) Spatial distribution of pollution load index (PLI), and (b) spatial distribution of potential
ecological risk index (PERI) in the study area.

Table A1 (Appendix A) presents the ecological risk (RI) assessment results for each
PTE. RI values for Ni, Zn, and Cu ranged from 0.10 to 19.34 (3.16 ± 5.15), 2.14 to 4.23
(3.14 ± 0.48), and 3.11 to 20.03 (7.78 ± 3.82), respectively, exhibiting considerable variability.
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However, all samples for these elements remained within the low-risk category. Pb ranged
from 56.75 to 72.23 (mean = 64.30 ± 4.51), indicating moderate risk throughout. Cr and
Mn showed values of 3.04–9.24 (mean = 6.92 ± 1.32) and 1.41–3.25 (mean = 2.15 ± 0.44),
respectively. All samples in the case of Cr and Mn did not pose any ecological risks. In
contrast, Cd exhibited values between 500 and 1175 (mean = 846.43 ± 204.86), posing high
to very high risk, which may have severe implications. The potential ecological risk index
(PERI) assesses the combined impact of all PTE on ecological integrity. As illustrated in
Figure 3b, PERI values ranged from 587 to 1270 (933 ± 206). While only one sample (S2,
2%) fell within the considerable risk category (500 < PERI < 600), the remaining samples
were classified as very high risk (PERI > 600), indicating severe ecological consequences.

3.4. Health Risk Assessment
3.4.1. Age-Wise Daily Intake of Potentially Toxic Elements

The results showed the chronic daily intake (CDI) of PTE for children and adults
through oral, inhalation, and dermal exposure routes. In oral exposure (Table A2), the CDI
for lead (Pb) was relatively low and stable for adults but higher in children, suggesting
greater susceptibility. Mn, Ni, Cu, Cr, Zn, and Fe exhibited more variability, with children
having higher levels of intake across these metals. Cu had the highest CDI for both
groups, indicating significant exposure, while cadmium (Cd) consistently showed the
lowest intake, reflecting minimal exposure risk for both age groups. Similarly, inhalation
exposure (Table A3) showed generally low CDI values for all PTE, but children still had
higher exposure than adults. The highest inhaled CDI was seen for Cu, indicating its
prominence in airborne particles, while Cd remained the least absorbed metal via this
route. Further, the dermal route (Table A4) followed a similar trend, with children having
considerably higher CDI across all metals than adults. Cu again showed the highest intake
levels, while Cd had the lowest, indicating minimal absorption through the skin. Children
are more vulnerable to PTE exposure across all routes, with Cu posing the highest risk and
Cd the least across both groups.

3.4.2. Age-Wise Health Hazards Posed by Potentially Toxic Elements

The hazard quotient (HQ) values for metal ingestion across both age groups are
summarized in Table A5. Among adults, Pb ranged from 0.0927 to 0.118 (mean: 0.104), Mn
from 0.0372 to 0.0859 (mean: 0.0567), and Ni from 0.0001 to 1.88 (mean: 0.065), with sample
S24 exceeding HQ > 1 for Ni, indicating potential health risks. Cu exhibited a wide range
from 0.00108 to 19.7 (mean: 0.658), with sample S26 surpassing HQ > 1. Children showed
consistently higher HQ values, with Pb ranging from 0.185 to 0.236 (mean: 0.209), Mn from
0.0745 to 0.1718 (mean: 0.113), and Ni from 0.0002 to 3.76 (mean: 0.130). Notably, both S24
and S26 exceeded HQ > 1 for Ni and Cu, respectively, highlighting a greater exposure risk
for children.

The hazard quotient (HQ) values for inhalation exposure varied between adults
and children, as shown in Table A6. Among adults, Mn exhibited the highest HQ
values, ranging from 0.0132 to 0.0305 (mean: 0.0201 ± 0.0041), while Cd had the
lowest (7.88 × 10−7–1.85 × 10−6, mean: 1.30× 10−6 ± 3.23× 10−7). Children showed
generally higher HQ values, with Mn again being the highest (0.0243–0.0561, mean:
0.0371 ± 0.0076), whereas Cd remained the lowest (1.45 × 10−6–3.41 × 10−6, mean:
2.40 × 10−6 ± 5.95 × 10−7). Despite these differences, all HQ values for both age groups
were below 1, indicating no significant health risks from inhalation exposure to PTE.

Similarly, for dermal exposure, HQ values indicate higher risks compared to inhala-
tion (Table A7). For adults, the highest HQ is observed for Fe (0.00588–0.012, mean:
0.011 ± 0.00102), while Cd records the lowest HQ (3.50 × 10−5–8.23 × 10−5, mean:
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5.78 × 10−5 ± 1.43 × 10−5). For children, HQ values are significantly elevated, with Cu
showing the highest HQ (4.34 ×10−4–7.90, mean: 0.264 ± 1.44), followed by Fe (0.495–1.01,
mean: 0.923 ± 0.086). Notably, HQ values exceed 1 for Cu and Fe in children (samples
S15 and S26, respectively), indicating potential health risks through dermal exposure. In
contrast, Cd remains the lowest (2.95 × 10−3–6.93 × 10−3, mean: 4.87 × 10−3 ± 0.00121).

3.4.3. Cumulative Health Risks from Exposure Routes

The hazard index (HI) values associated with metal exposure through ingestion, in-
halation, and dermal absorption exhibit notable differences between adults and children,
as detailed in Table A8. For the adult population, Pb demonstrates an HI spanning approxi-
mately 0.09–0.12 (mean = 0.10) and a small degree of variability. Mn falls within a range of
0.05–0.12, (mean = 0.08). Ni presents a broader distribution, extending from 0.001 to 1.88,
with an average of 0.07, though exhibiting considerable variability. Similarly, HI values
for Cu ranged from 0.001 to 19.76, (mean = 0.7), and Cr ranged from 0.04 to 0.12, with a
mean of 0.09. Zn values ranged from 0.01 to 0.02 (mean = 0.014). Similarly, Fe HI values
spanned from 0.07 to 0.15 (mean = 0.14), while Cd levels remained within 0.007 to 0.017
(mean = 0.012).

For children, Pb demonstrates an HI spanning approximately 0.19–0.25 (mean = 0.22)
with comparable fluctuations. Mn falls within a range of 0.118–0.27 (mean = 0.179), exhibit-
ing moderate variation. Ni presents a broader distribution, extending from 0.0002 to 4.5,
with an average of 0.16 and substantial variability. Similarly, HI values for Cu range from
0.002 to 47 (mean = 1.6), while Cr spans 0.09–0.29, with a mean of 0.21. Zn values fall within
0.002–0.004 (mean = 0.0029). Likewise, Fe HI values range from 0.63 to 1.2 (mean = 1.18),
while Cd levels remain within 0.017 to 0.04 (mean = 0.0291).

3.4.4. Statistical Analysis

The outcomes of the Spearman rank correlation analysis, as illustrated in Figure 4,
revealed several significant associations among the analyzed PTEs (Mn, Ni, Cr, Cu, Pb, Zn,
Cd, Ag, Fe). A notable positive correlation was identified between Ni and Cd (rho = 0.495,
p = 0.005), suggesting a strong linkage between these elements, potentially due to shared
anthropogenic sources. In contrast, Cu exhibited significant negative correlations with
both Ni (rho = −0.397, p = 0.030) and Fe (rho = −0.393, p = 0.032), indicating an inverse
relationship that may be attributed to differing geochemical behaviors or source variations.
No statistically significant correlations were observed for other metal pairs, including those
involving Mn and Cr or Zn and other PTEs, suggesting that these elements may originate
from distinct sources or be influenced by independent environmental factors.

Factor analysis of road dust samples identified four principal components, each
representing a distinct contamination source (Table 4). The selected components, based
on eigenvalues greater than 1, accounted for 66.02% of the total variance. RC1 (18.53%)
exhibited a strong correlation with Cr and a moderate association with Zn, suggesting
contamination linked to industrial activities, particularly metal processing. RC2 (17.74%),
characterized by high loadings of Cu and Cd, likely originates from vehicular emissions
and industrial processes involving these metals. RC3 (15.82%), with strong associations
with Mn and Pb, points to contributions from road construction materials and metal wear
from vehicles. Finally, RC4 (13.92%), showing significant correlations with Fe and Ni,
indicates a source related to industrial emissions and metalworking activities.
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Figure 4. Correlogram showing the results of Spearman rank correlation analysis.

Table 4. Factor analysis showing loadings of four rotated components (RCs).

RC1 RC2 RC3 RC4

Mn −0.168 −0.115 0.791 −0.086
Ni 0.066 −0.130 −0.193 0.808
Cr 0.769 −0.206 −0.006 −0.087
Cu −0.180 0.806 −0.011 −0.178
Pb 0.463 0.185 0.627 −0.013
Zn 0.659 0.168 −0.055 0.077
Cd 0.391 0.739 0.043 0.245
Fe −0.157 0.297 0.454 0.589

Eigenvalue 2.1 1.5 1.1 1.02
Variance (%) 18.53 17.74 15.82 13.92

Cum. variance 18.53 36.27 52.09 66.02

The hierarchical agglomerative cluster analysis was conducted to classify the sampling
locations based on their chemical characteristics. This approach identified four distinct
clusters (Figure 5), arranged from the top to the highest level: Cluster I (CI), Cluster II (CII),
Cluster III (CIII), and Cluster IV (CIV). Cluster I (CI) comprises 20% of the total samples,
predominantly situated along the motorway near Lahore. Cluster II (CII) includes 26%
of the samples, while Cluster III (CIII) represents the smallest grouping, accounting for
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only 10% of the dataset. In contrast, Cluster IV (CIV) constitutes the largest proportion,
encompassing 44% of the total samples, suggesting a more extensive spatial distribution of
sampling points within this category.

 

Figure 5. Dendrogram of hierarchical agglomerative cluster analysis (HCA).

Moreover, the distribution of PTEs across the four clusters exhibits distinct patterns,
with statistically significant variations for several elements. CIII registers the highest
mean concentrations of Ni (99.983 mg/kg, F = 1.282, not significant), Cu (90.533 mg/kg,
F = 0.598, not significant), and Cd (9.067 mg/kg, F = 3.484, p < 0.05, significant). Mean-
while, CII shows the greatest levels of Cr (336.456 mg/kg, F = 4.704, p < 0.001) and Pb
(274.719 mg/kg, F = 8.189, p < 0.001), both of which demonstrate strong statistical signifi-
cance. In contrast, CI consistently records the lowest concentrations for Ni (15.208 mg/kg),
Zn (255.458 mg/kg), Pb (240.65 mg/kg), Cr (236.367 mg/kg), and Cd (6.142 mg/kg), with



Urban Sci. 2025, 9, 225 14 of 24

differences in Pb and Cr reaching statistical significance. CIV contains the highest Fe
concentration (63,792.308 mg/kg, F = 2.636, p < 0.05), while Cluster III has the lowest
(54,333.333 mg/kg). The Mn distribution follows a distinct trend, with CI exhibiting the
highest mean value (2162.583 mg/kg) and Cluster IV the lowest (1624.346 mg/kg, F = 4.364,
p < 0.01), indicating a statistically significant difference. Among the clusters, CIII tends
to contain elevated levels of toxic metals such as Ni, Cu, and Cd, whereas CI generally
exhibits lower concentrations, with notable statistical differences observed for Pb, Cr, Mn,
Fe, and Cd.

4. Discussion
Concentrations of potentially toxic elements in road dust are influenced by both

geogenic and anthropogenic sources, with traffic playing a great role in their variation.
The high coefficient of variation (CV%) for Ni suggested that its presence in road dust
could be attributed to anthropogenic activities. Contrarily, the relatively low variability
in Fe (CV% = 9.35%) suggested its natural lithogenic origin, as Fe is a common crustal
element [46]. Further, the moderate CV% values for Zn and Cr were interpreted as mixed
sources, potentially from both natural and anthropogenic origins, including tire wear, metal
corrosion, and industrial discharges. High CV% values for Cu and Cd imply significant
anthropogenic influence, possibly from vehicle emissions, brake wear, and industrial
sources. Pb, despite its known association with vehicular pollution, shows relatively low
variability (CV% = 7.06%), suggesting that its concentration may be influenced by historical
contamination rather than ongoing emissions, as Pb-based fuels have been phased out
in many regions; however, road paints and certain vehicle parts, such as leaded wheel
weights and brake pads, might legally contain Pb and contaminate road dust [47]. Chronic
exposure to Pb-laden particulates presents a clear risk to neurodevelopment in children,
manifesting as reduced IQ, attention deficits, and behavioral disorders even at low blood
Pb levels [48,49]; ingestion and inhalation pathways are particularly concerning for young
populations exposed near the road. Further, in agricultural settings, Pb deposition on
croplands warrants testing of edible produce and may necessitate crop rotation advisories
to prevent dietary Pb uptake [50]. The substantial variation in Mn might be associated with
geogenic sources and industrial emissions given its use in manufacturing and its presence
in road dust from brake wear [41,43].

Road dust samples in similar studies conducted elsewhere had substantially higher
concentrations than the current study for PTEs such as Ni, Zn, and Cu, while other studies,
in comparison, reported lower mean concentrations for Pb and Cr [51]. Similarly, mean
concentrations reported for Ni, Cu, and Zn for Guangzhou, China, were higher than those
reported here; however, for Fe, Mn, Pb, and Cd, the concentrations were lower than the
current results [52]. Further comparison with studies from Delhi (India), Guilin (China),
and Dhaka (Bangladesh) suggested that the mean concentration of Pb, Cr, Mn, and Ni in this
study was higher than the reported values. Furthermore, Zn and Cu mean concentration
was higher than in Delhi and Dhaka while lower than in Guilin [53–55]. Similarly, the mean
concentrations of Pb, Cd, Cu, Ni, and Zn in this study were higher than those reported
for a section of the M-4 motorway in Faisalabad, Pakistan. The variation in the results
among different studies could be attributed to differences in traffic density, road age, levels
of degradation, construction materials, etc.

The contamination factor (Cf) and geoaccumulation index (Igeo) indicate varying
degrees of contamination among different PTEs. Pb and Cd stand out as the most concern-
ing pollutants, with Pb showing very high contamination (Cf > 6 in all samples) and Cd
exhibiting extremely high contamination levels across the study area. These results are con-
sistent with findings from previous studies in urban road dust, where Pb and Cd have been
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reported as priority pollutants due to their persistent nature and high toxicity [56]. Zn and
Cr also showed considerable contamination, with Zn exhibiting moderate to considerable
contamination (Cf = 2.14–4.23) and Cr showing significant accumulation (Igeo = 0.02–1.62).
These findings align with previous research highlighting Zn as a common urban pollutant
often originating from tire wear and corrosion of galvanized materials [45,57]. Ni and
Cu display more variable contamination patterns, with only specific locations showing
significant accumulation. The presence of moderately to highly contaminated samples
for these elements suggests localized sources such as industrial discharges or vehicular
exhaust [58]. Fe, despite being abundant in the Earth’s crust, shows only moderate con-
tamination, reinforcing its largely geogenic origin. The variation in Igeo and Cf values
among different elements emphasizes the need for localized assessments to understand
contamination patterns, as PTE pollution is highly dependent on site-specific conditions
and anthropogenic activities

The pollution load index (PLI) values indicate that the majority of the samples exhibit
moderate pollution (66%), with 33% classified as highly polluted. These findings are
comparable to other urban studies where road dust samples frequently show moderate
to high pollution levels due to cumulative effects from various sources [41,42,57,58]. The
ecological risk assessment highlights Cd as the most hazardous metal, with all samples
indicating very high ecological risk (RI > 500). Cd is known for its severe toxicity and
persistence in the environment, making it a major ecological concern [59,60]. Pb also
presents a moderate ecological risk, consistent with its historical use in gasoline and
industrial applications [19,61,62] The other metals, including Ni, Zn, Cu, Cr, and Mn,
exhibit low to moderate risks, suggesting that while they contribute to pollution, their
ecological impact is relatively lower than Cd and Pb [63] The potential ecological risk index
(PERI) classifies nearly all samples as very high risk (PERI > 600), suggesting significant
environmental consequences. This aligns with findings from other urban environments
where industrialization and traffic emissions contribute heavily to PTE accumulation in
road dust [23,64,65].

The chronic daily intake (CDI) values indicated that children have higher exposure to
PTEs across all routes (ingestion, inhalation, and dermal contact), a finding consistent with
previous research indicating children’s greater vulnerability due to hand-to-mouth behavior,
lower body weights, low organ development, and higher absorption rates [41,66–68]. The
chronic daily intake (CDI) values for PTEs varied significantly across different exposure
pathways. Among both children and adults, ingestion consistently accounted for the
highest CDI values for the majority of metals. Specifically, Ni, Cu, and Pb exhibited
elevated CDI values through ingestion, signifying substantial metal intake. This pattern was
particularly evident in children, who displayed considerably higher CDI values through
ingestion compared to other exposure routes.

Conversely, inhalation contributed the least to overall exposure, as its intake was
lower than those recorded for both ingestion and dermal contact. The lowest CDI values
were observed for elements such as Cu and Pb. In contrast, dermal absorption resulted
in significant exposure, especially in children, due to Cu and Ni absorption through skin
contact. Among adults, CDI values from dermal exposure remained between those of
ingestion and inhalation yet remained relatively high for certain metals. Generally, the
main exposure pathway for PTE exposure was ingestion, with children displaying the
highest vulnerability, owing to most elements. Dermal contact also contributed notably to
PTE intake, particularly for specific elements, whereas inhalation consistently posed the
lowest CDI values.

The hazard quotient (HQ) values revealed that most metals remain below the risk
threshold (HQ < 1) for both adults and children, except for Ni and Cu in specific samples
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(S24 and S26). This suggested localized health risks necessitating targeted interventions.
Similar findings have been reported in previous studies where Ni and Cu exceeded safe
limits in certain urban hotspots [35]. The hazard index (HI) values indicated minimal overall
non-carcinogenic risks, except for Ni and Cu in select locations. This aligns with studies
suggesting that while road dust exposure generally poses limited health risks, specific
high-pollution areas can present significant concerns [36]. The heightened vulnerability of
children emphasizes the necessity of implementing protective strategies such as minimizing
contact with contaminated dust.

The presence of Cr and Zn in RC1 was consistent with findings from previous stud-
ies, which identified these metals as emissions originating from metal plating and steel
production processes, as both metals are extensively used in galvanizing and plating oper-
ations. Especially in highway environments, guardrails, bolts, signposts, and other steel
fixtures are often coated with a zinc layer to prevent corrosion. Abrasion of these coatings
under traffic and weathering releases Zn into adjacent dust deposits. Cr is a byproduct of
stainless-steel fabrication, electroplating baths, and surface treatments applied to vehicle
undercarriages and roadside hardware [69]. The elevated loadings of Cu and Cd in RC2
further indicated traffic-related sources, as these elements have been attributed to brake
pad wear and fuel combustion residues. Modern brake pads contain up to 20–30% Cu as a
friction modifier; constant braking abrades these pads, liberating Cu-rich particulates that
accumulate in road dust. Cd, often present at low levels in tire rubber stabilizers and as
an impurity in certain lubricating oils and fuel additives, also becomes airborne through
vehicle exhaust and mechanical wear [70]. The composition of RC3, characterized by high
concentrations of Mn and Pb, suggested an association with road construction materials
and the degradation of vehicle components described earlier and legacy contamination.
Mn is incorporated into steel alloys used in reinforcing bars, guardrail posts, and welding
rods; weathering of these structures may release Mn-rich particulates. Pb remains in many
soils and dust layers from decades of leaded gasoline use, tire weights, and degradation
of painted road markings. In addition, wear of older vehicle components (e.g., bearings,
battery casings) releases both Mn and Pb. The co-occurrence of these elements, therefore,
signals both new inputs from construction materials and old reservoirs of legacy Pb in the
roadside environment [71]. Meanwhile, RC4, marked by strong correlations with Fe and Ni,
pointed to industrial emissions and vehicular engine wear as significant contributors. Fe
concentration may be amplified by steel structures (bridges, sign supports), road-building
machinery, and abrasive wear of vehicle chassis and brake discs. Nickel is abundant
in stainless-steel components, in certain fuel oil catalysts, and in engine-bearing alloys;
frictional wear of these parts ejects ultrafine Fe–Ni particles into the air [72].

The land-use/land-cover (LULC) distribution along the motorway is shown in
Figure 1b LULC class was extracted for each sample point. A one-way ANOVA (Table S2)
was conducted on road dust PTE concentrations across five LULC categories (bare/sparse
vegetation, built-up, cropland, permanent water bodies, shrubland) that revealed no statis-
tically significant differences for Fe, Mn, Cd, Cr, Cu, Ni, or Pb (all F-values ≤ 1.508, p > 0.10).
Only Zn exhibited a marginal effect (F = 2.484, p < 0.10), suggesting slightly higher variabil-
ity between land uses for this element. The same is true for cumulative risk indices such PLI
and PERI. The absence of significant F-tests for the majority of metals indicates a relatively
uniform distribution of contamination levels regardless of local land-use type, supporting
the premise of widespread anthropogenic inputs that overshadow LULC-specific variations.
This uniformity across diverse land covers indicated the pervasive nature of PTE deposition
along the motorway.

Therefore, an interaction between industrial operations, vehicular activity, and in-
frastructure collectively shapes the distribution of the majority of the PTE in road dust.
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A comprehensive understanding of these contamination pathways remains essential for
developing targeted pollution mitigation strategies and minimizing environmental and
public health risks. Expanding monitoring initiatives is crucial to gaining deeper insights
into the spatial distribution and fluctuations in PTE concentrations across various loca-
tions. Special attention should be directed toward regions that consistently exhibit elevated
contamination levels, necessitating focused remediation efforts and the enforcement of
stringent regulatory frameworks. Enhancing pollution control mechanisms will aid in
reducing contamination and optimizing pollution management strategies. The high-risk
levels emphasize the urgent need for mitigation strategies to minimize environmental and
health impacts, particularly in high-traffic areas. Establishing metal-tolerant vegetation
buffer strips (green belts) from the road edge may prove effective in trapping resuspended
particulates and facilitating root-zone sequestration [73,74]. Regular mechanical removal
of deposited dust prevents long-term accumulation and consequent ecological exposure.
Similarly, the use of chemical dust suppressants could be a useful way of preventing dust
resuspension and reducing exposure [74]. Agricultural soils and crops in the vicinity of
roads form an indirect route of exposure to PTEs and may pose a potential health risk [75].
In situ stabilization techniques for PTEs in exposed agricultural soils, such as the amend-
ment of phosphate fertilizers to precipitate metals, incorporation of biochar to provide
high-affinity sorption sites, and the addition of lime, may help in a substantial reduction
in PTE mobility and bioavailability [73,76–80]. When combined with vegetative buffer
strips of metal-tolerant species to intercept windblown particulates, regular mechanical re-
moval, and chemical suppression of surface dust, these approaches may form an integrated,
cost-effective strategy for long-term immobilization of a wide suite of PTEs in agricultural
landscapes. Moreover, issuing public health advisories in regions with elevated PTE con-
centrations would offer essential guidance for minimizing potential health risks to local
communities. This study provides valuable insights into the spatial patterns, ecological
risks, and health implications of PTE contamination along a major transportation corridor
in Pakistan. However, certain methodological limitations must be acknowledged. First, the
analysis focused solely on total metal concentrations without assessing chemical speciation
or bioavailability, which may overestimate the actual risk posed by the PTEs. Additionally,
the use of a single-season sampling campaign may not capture temporal variability in PTE
deposition. However, the findings have clear implications for environmental management
and policy. In the Pakistani context, the results support the need for stronger enforcement of
the Pakistan Environmental Protection Act, particularly in regulating vehicular emissions.
Integrating the findings into National Environmental Quality Standards (NEQS) updates
could help establish acceptable thresholds for roadside dust pollutants. At the international
level, the outcomes align with the UN SDGs—particularly, Goal 3 (Good Health and Well-
being), Goal 11 (Sustainable Cities and Communities), and Goal 15 (Life on Land)—and
emphasize the urgency of monitoring urban pollution in developing regions. Future re-
search should focus on assessing the chemical speciation and bioavailability of PTEs in
roadside dust to better understand their environmental and human health implications.
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Appendix A
Results of Ecological Risks and the Human Health Risk Assessment

Table A1. Descriptive statistics of ecological risk factor (RI) for each potentially toxic element.

Ni Zn Cu Pb Cr Mn Cd PERI

Min 0.102 2.13 3.1 56.75 3.04 1.41 500 587.05

Max 19.33 4.22 20.03 72.22 9.23 3.25 1175 1270.19

Mean 3.164 3.13 7.77 64.3 6.92 2.14 846.426 933.87

SD 5.149 0.477 3.81 4.50 1.31 0.439 204.85 206.97

Table A2. Chronic daily intake (mg/kg/day) for both age groups via the ingestion route.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults
Min 3.24 × 10−4 1.71 × 10−3 2.00 × 10−6 3.99 × 10−5 1.96 × 10−4 2.90 × 10−4 4.80 × 10−2 7.14 × 10−6

Max 4.13 × 10−4 3.95 × 10−3 3.76 × 10−2 7.28 × 10−1 5.94 × 10−4 5.74 × 10−4 9.83 × 10−2 1.68 × 10−5

Mean 3.65 × 10−4 2.61 × 10−3 1.30 × 10−3 2.44 × 10−2 4.30 × 10−4 4.22 × 10−4 8.95 × 10−2 1.18 × 10−5

SD 2.57 × 10−5 0.000534 0.006851 0.13283 8.46 × 10−5 6.48 × 10−5 0.008364 2.92 × 10−6

Children
Min 6.49 × 10−4 3.43 × 10−3 4.00 × 10−6 7.99 × 10−5 3.91 × 10−4 5.80 × 10−4 9.60 × 10−2 1.43 × 10−5

Max 8.25 × 10−4 7.90 × 10−3 7.51 × 10−2 1.46 × 10+00 1.19 × 10−3 1.15 × 10−3 1.97 × 10−1 3.36 × 10−5

Mean 7.30 × 10−4 5.22 × 10−3 2.60 × 10−3 4.87 × 10−2 8.60 × 10−4 8.43 × 10−4 1.79 × 10−1 2.36 × 10−5

SD 5.15 × 10−5 0.001068 0.013702 0.265661 0.000169 0.00013 0.016728 5.85 × 10−6

Table A3. Chronic daily intake (mg/kg/day) for both the age groups via the inhalation route.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults
Min 3.58 × 10−8 1.89 × 10−7 2.21 × 10−10 4.40 × 10−9 2.16 × 10−8 3.2 × 10−8 5.29 × 10−6 7.88 × 10−10

Max 4.55 × 10−8 4.36 × 10−7 4.14 × 10−6 8.03 × 10−5 6.55 × 10−8 6.33 × 10−8 1.08 × 10−5 1.85 × 10−9
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Table A3. Cont.

Pb Mn Ni Cu Cr Zn Fe Cd

Mean 4.03 × 10−8 2.88 × 10−7 1.43 × 10−7 2.69 × 10−6 4.74 × 10−8 4.65 × 10−8 9.87 × 10−6 1.30 × 10−9

SD 2.84 × 10−9 5.89 × 10−8 7.56 × 10−7 1.47 × 10−5 9.34 × 10−9 7.15 × 10−9 9.23 × 10−7 3.23 × 10−10

Children
Min 6.58 × 10−8 3.48 × 10−7 4.06 × 10−10 8.11 × 10−9 3.97 × 10−8 5.89 × 10−8 9.75 × 10−6 1.45 × 10−9

Max 8.38 × 10−8 8.03 × 10−7 7.63 × 10−6 0.000148 1.21 × 10−7 1.17 × 10−7 2 × 10−5 3.41 × 10−9

Mean 7.41 × 10−8 5.3 × 10−7 2.64 × 10−7 4.95 × 10−6 8.74 × 10−8 8.56 × 10−8 1.82 × 10−5 2.4 × 10−9

SD 5.23 × 10−9 1.09 × 10−7 1.39 × 10−6 2.7 × 10−5 1.72 × 10−8 1.32 × 10−8 1.7 × 10−6 5.95 × 10−10

Table A4. Chronic daily intake (mg/kg/day) for both the age groups via the dermal route.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults

Min 7.95 × 10−8 4.2 × 10−7 4.9 × 10−10 9.78 × 10−9 4.79 × 10−8 7.11 × 10−8 1.18 × 10−5 1.75 × 10−9

Max 1.01 × 10−7 9.68 × 10−7 9.21 × 10−6 1.78 × 10−4 1.45 × 10−7 1.41 × 10−7 2.41 × 10−5 4.11 × 10−9

Mean 8.94 × 10−8 6.39 × 10−7 3.18 × 10−7 5.97 × 10−6 1.05 × 10−7 1.03 × 10−7 2.19 × 10−5 2.89 × 10−9

SD 6.31 × 10−9 1.31 × 10−7 1.68 × 10−6 3.25 × 10−5 2.07 × 10−8 1.59 × 10−8 2.05 × 10−6 7.17 × 10−10

Children

Min 6.69 × 10−6 3.53 × 10−5 4.13 × 10−8 8.24 × 10−7 4.03 × 10−6 5.98 × 10−6 9.9 × 10−4 1.47 × 10−7

Max 8.51 × 10−6 8.15 × 10−5 7.75 × 10−4 1.50 × 10−2 1.22 × 10−5 1.18 × 10−5 2.03 × 10−3 3.46 × 10−7

Mean 7.53 × 10−6 5.38 × 10−5 2.68 × 10−5 5.02 × 10−4 8.87 × 10−6 8.70 × 10−6 1.85 × 10−3 2.43 × 10−7

SD 5.31 × 10−7 1.1 × 10−5 0.000141 0.002741 1.75 × 10−6 1.34 × 10−6 0.000173 6.04 × 10−8

Table A5. HQ values of potentially toxic elements through the ingestion route.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults

Min 9.27 × 10−2 3.72 × 10−2 1.00 × 10−4 1.08 × 10−3 3.91 × 10−2 9.67 × 10−3 6.86 × 10−2 7.14 × 10−3

Max 1.18 × 10−1 8.59 × 10−2 1.88 × 10+00 1.97 × 10+1 1.19 × 10−1 1.91 × 10−2 1.40 × 10−1 1.68 × 10−2

Mean 1.04 × 10−1 5.67 × 10−2 6.50 × 10−2 6.58 × 10−1 8.60 × 10−2 1.41 × 10−2 1.28 × 10−1 1.18 × 10−2

SD 0.0074 0.0116 0.3426 3.59 0.0169 0.0022 0.0119 0.0029

Children

Min 0.1853 0.0745 0.0002 0.0022 0.0782 0.0019 0.1371 0.0143

Max 0.2358 0.1718 3.7571 39.3320 0.2375 0.0038 0.2808 0.0336

Mean 0.2086 0.1134 0.1299 1.3163 0.1720 0.0028 0.2557 0.0236

SD 0.0147 0.0232 0.6851 7.1800 0.0339 0.0004 0.0239 0.0059

Table A6. HQ values for each potentially toxic element through the inhalation route.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults

Min 1.02 × 10−5 1.32 × 10−2 1.07 × 10−8 1.10 × 10−7 7.54 × 10−4 1.07 × 10−7 7.56 × 10−4 7.88 × 10−7

Max 1.30 × 10−5 3.05 × 10−2 2.01 × 10−4 2.01 × 10−3 2.29 × 10−3 2.11 × 10−7 1.55 × 10−3 1.85 × 10−6

Mean 1.15 × 10−5 2.01 × 10−2 6.96 × 10−6 6.71 × 10−5 1.66 × 10−3 1.55 × 10−7 1.41 × 10−3 1.30 × 10−6

SD 8.11 × 10−7 0.004119 3.66 × 10−5 0.0003662 0.000326 2.38 × 10−8 0.00013 3.22 × 10−7
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Table A6. Cont.

Pb Mn Ni Cu Cr Zn Fe Cd

Children

Min 1.88 × 10−5 0.024336 1.97 × 10−8 2.02 × 10−7 0.001389 1.96 × 10−7 0.0013 1.45 × 10−6

Max 2.39 × 10−5 0.056131 0.000370559 0.003695 0.004218 3.88 × 10−7 0.0028 3.41 × 10−6

Mean 2.11 × 10−5 0.037071 1.28 × 10−5 0.000123 0.003055 2.85 × 10−7 0.0025 2.39 × 10−6

SD 1.49 × 10−6 0.007588 6.75 × 10−5 0.000674 0.000601 4.39 × 10−8 0.00024 5.94 × 10−7

Table A7. HQ values for potentially toxic elements through the dermal route.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults

Min 1.51 × 10−4 2.28 × 10−4 4.90 × 10−7 5.15 × 10−6 1.92 × 10−4 1.18 × 10−6 5.88 × 10−3 3.5 × 10−5

Max 1.93 × 10−4 5.26 × 10−4 9.21 × 10−3 9.38 × 10−2 5.82 × 10−4 2.34 × 10−6 1.2 × 10−2 8.23 × 10−5

Mean 1.7 × 10−4 3.47 × 10−4 3.18 × 10−4 3.14 × 10−3 4.21 × 10−4 1.72 × 10−6 1.1 × 10−2 5.78 × 10−5

SD 1.2 × 10−5 7.11 × 10−5 0.0016 0.017 8.29 × 10−5 2.64 × 10−7 0.001 1.43 × 10−5

Children

Min 1.27 × 10−2 1.92 × 10−2 4.13 × 10−5 4.34 × 10−4 1.61 × 10−2 9.97 × 10−5 4.95 × 10−1 2.95 × 10−3

Max 1.62 × 10−2 4.43 × 10−2 7.75 × 10−1 7.90 × 10+00 4.90 × 10−2 1.97 × 10−4 1.01 × 10+00 6.93 × 10−3

Mean 1.43 × 10−2 2.93 × 10−2 2.68 × 10−2 2.64 × 10−1 3.55 × 10−2 1.45 × 10−4 9.23 × 10−1 4.87 × 10−3

SD 0.001012 0.0059 0.14 1.44 0.0069 2.22 × 10−5 0.086 0.00125

Table A8. Hazard index values for both age groups.

Pb Mn Ni Cu Cr Zn Fe Cd

Adults
Min 0.093 0.051 0.001 0.001 0.04 0.010 0.075 0.007
Max 0.118 0.12 1.88 19.76 0.12 0.019 0.154 0.017

Mean 0.105 0.08 0.070 0.708 0.09 0.014 0.140 0.012
Stdev 0.007 0.016 0.344 3.6 0.01 0.002 0.013 0.003

Children
Min 0.198 0.118 0.00024 0.002 0.095 0.002 0.633 0.017
Max 0.252 0.272 4.53 47.23 0.29 0.004 1.297 0.0405

Mean 0.224 0.179 0.1676799 1.69 0.2179192 0.0029 1.181 0.0291
Stdev 0.015 0.036 0.8265402 8.62 0.0414471 0.0004 0.1104 0.007
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