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This study evaluates the pollution status, source apportionment, and potential health and environmental
risks of atmospheric particulates and the trace metals associated with them. Particulates were sampled
on glass fibre filters in Islamabad'’s typical urban areas. Atomic absorption spectroscopy was employed to
quantify the trace metals. Among the trace metals, Ca (3906 ng m~>) had the highest concentration,
while Ag (3.515 ng m~>) showed the lowest concentration. The overall mean levels of the metals were in
the ascending order of Ag < Li < Cd < Co<Cu<Mn<Cr<Sr<Zn<Pb<Fe<Mg=<K=<Nicx< Ca.
Particulate emission sources were identified using the multivariate PCA and CA, and it was revealed that
the major pollution sources were fossil fuel combustion, local industries, road dust, and automobile
emissions. The enrichment factor (EF) and the geoaccumulation index (/geo) Were used to determine the
contamination level. All metals exhibited EF values greater than unity (>1.0), indicating that they
predominantly originated from anthropogenic sources, except for Fe. The ecological risk assessment
revealed that Ni showed the highest environmental risk (E, > 320) among the toxic trace metals. Similarly,
the cancer risk (CR) assessment showed that the computed value for Ni was exceptionally higher than

the safe limits (>1 x 10™%), revealing an increased cancer risk for the local population. Likewise, Cr, Co,
Received 8th October 2025

Accepted 6th January 2026 and Cd exposure were linked to significant cancer risk (>1 x 107°), while Pb exposure posed an

insignificant cancer threat (<1 x 107%). The current metal concentrations in the particulates were also

DOI: 10.1035/d5ea00131e compared with those observed globally. Overall, the study revealed predominant anthropogenic

rsc.li/esatmospheres contamination and significant health risks associated with the trace metals in atmospheric particulates.

Environmental significance

Atmospheric particulate pollution severely impacts public health and is a significant environmental problem in the major cities of Pakistan. The current study
focuses on evaluating the contamination status, probable sources and associated ecological and health risks of atmospheric particulates in the urban atmo-
sphere of Islamabad, Pakistan. Metal contents in the atmospheric particulates were found to be higher than most of the reported levels from other regions
around the world, and they mostly originated from anthropogenic activities. Significant ecological and carcinogenic health risks were found to be associated
with elevated toxic metal levels in atmospheric particulates, necessitating the implementation of pollution abatement strategies for improving the air quality.

transportation, industrial activities, incineration, and
construction activities.>® Atmospheric particulates are one

1. Introduction

Atmospheric particulate matter (PM) is the most important
environmental pollutant, which is present in varying concen-
trations and consists of different suspended particles with
varying elemental compositions, inorganic/organic
compounds, shapes, sizes, and surface properties.' The char-
acteristics of PM are affected by geography and regional sour-
ces. Particulates are released into the atmosphere through
various natural and anthropogenic sources, including soil dust,
erosion, forest fires, weathering of rocks, emissions from
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among the six criteria pollutants and are considered hazardous
because of the toxic metals and harmful chemicals bound to
them.”

Particulate matter pollution is a significant concern that has
emerged because of rapid industrial development and socio-
economic growth. It poses a severe threat to the environment,
food and nutrition availability, human life, and the capability of
the socioeconomic system to sustainably expand.®® It has been
estimated that particulate pollution may cause 6.50 million
premature deaths annually worldwide.” The International
Agency for Research in Cancer (IARC) refers to outdoor air
pollution and its PM components as carcinogenic to humans.™
Several studies have demonstrated that respiratory disorders,
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cardiovascular problems, lung cancer, and even premature
death are the long- and short-term detrimental health impacts
of airborne particulates.”**® Toxic elements, such as lead,
nickel, chromium, and cobalt, are known to stimulate the free
radical mechanism by generating reactive oxygen species (ROS),
which can lead to chronic health issues.” Besides damaging
human health, particulate matter decreases visibility by
reducing the intensity of sunlight and can cause acid rain when
combined with rainwater.””*

Trace metals associated with airborne particulate matter are
distributed in the urban environment through the movement of
particulates, and their accumulation in the atmosphere is lethal
to living things. Several metals, including Fe, Mn, Co, Cr, Zn,
and Cu, are essential to perform various physiological and
biochemical functions at permissible concentrations. Exposure
to excessive amounts of these metals results in poor cellular and
tissue performance, ultimately leading to illness and even
death.*** Non-essential/toxic metals (Cd, Cr, Pb, and Hg) are of
serious concern due to their detrimental effects even at low
concentrations; for instance, Pb damages the neurological
system, renal function, and peripheral nervous system. Like-
wise, Cr(vi) is carcinogenic to humans, causing DNA damage
and cell abnormalities.>** These are classified as poisonous
substances.*

The local atmosphere of Islamabad has been significantly
affected by human intrusions during the last few decades.*
Recent studies reported extreme contamination and health
risks due to atmospheric pollutants in the urban and rural areas
of the city.***” However, there is a lack of continuous moni-
toring and detailed investigations related to the trace metals’
burden in atmospheric particulates. This study was designed to
consider the possible impact of atmospheric particulate matter
and associated toxic metals. The primary objective of this
research is to investigate the levels and possible emission
sources of trace metals associated with atmospheric particulate
matter. In addition to assessing the extent of pollution in the
area under investigation, this study aims to evaluate the
ecological and human health risks posed by these metals.
Overall, this study's findings will contribute towards assessing
the environmental and health impacts of particulate pollution,
and developing effective strategies to mitigate the risks associ-
ated with trace metals in particulate matter.

2. Materials & methods

2.1 Study area

The sampling was conducted in Islamabad (33° 49'N and 72°
24’E), the federal capital of Pakistan, which is situated at around
500 m above sea level and has a land area of 906.5 km? (Fig. 1). It
is 14 km northeast of its twin city Rawalpindi, which shares
close social and business relationships with the capital city. The
federal city is flanked by the Margalla Hills to the north, and the
plains of Punjab and water bodies on the other sides. Islamabad
is home to 2 million people, as per the 2017 census.?” The urban
area of Islamabad is segregated into eight distinct areas,
including parks, green zones, residential, official, commercial,
and business. The main industries in the industrial zones of the
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city (sectors of I-9, I-10, and Kahuta Triangle) include steel mills,
pottery, flour mills, paint, dyes, metallurgy, medicinal/chemical
plants, earthenware, granite, and oil and ghee plants. Industrial
emissions, construction work and vehicle exhausts are the main
sources of air pollution in the city.

Islamabad has a subtropical climate with a hot summer in
June, monsoons in July and August, and cold winter in
December and January. Significant meteorological fluctuations
have been observed in Islamabad over the past few years. In
June, the weather is extremely hot, with temperatures soaring as
high as 50 °C, while the temperature may plummet to as low as
—2 °C during cold winter days. The wind predominantly blows
from the northeast, with average daytime velocities reaching up
to 0.86 m s~ ' and dropping to approximately 0.50 m s~ at
night.**** Islamabad's geology is characterized by folded sedi-
mentary rocks (Jurassic to Paleocene) forming the Margalla
Hills. This tectonically active area experiences seismic hazards,
with underlying soft sediments varying in thickness. The region
primarily consists of marine and continental sediments,
including limestones, shales, and sandstones. The area is
structurally complex due to tectonic forces from the India-
Eurasia collision, leading to significant folding and active
fault lines.”®

2.2 Sampling

The sampling was performed following the USEPA standard
method? during the summer (June to September) and autumn
(October to November) seasons in a typical urban area of the
Quaid-i-Azam University campus. A sequential air sampler
(DPM5, AMS Analytica, Italy) was used to collect the total sus-
pended particulate (TSP) samples on glass fibre filters. The
sampler was installed on the roof-top approximately 15 m above
the ground level and well cleared from other nearby tall build-
ings. Approximately 2 to 3 samples were collected per week on
alternate days. The sampling was performed in 12-24 h inter-
vals (excluding public holidays), starting at 09:00 h and a total of
53 TSP samples were collected. The filters were equilibrated in
a moisture-controlled desiccator for 24 h before and after
sampling. The weight of the filter papers was determined before
and after sample collection and stored in plastic bags. The mass
of the particulates was calculated gravimetrically.*® Blanks were
also included in each batch and treated the same as the
samples.

2.3 Sample preparation

Sample solutions for trace metal analysis were prepared using
the standard methodology approved by USEPA.** The hot acid
extraction technique was used to extract the metals. The filter
papers containing the particulates were folded in half length-
wise with the particulate material facing inward and cut into 1”
x 8" strips. The filter paper strips were placed in the lower
portion of the marked 100 mL flask to ensure the acid volume
covered the entire filter paper. Then, 50 mL of the extraction
solution (5.6% HNO; and 16.8% HCI, v/v) was added to the
vessel and placed on a hot plate in a fume hood. The liquid was
carefully refluxed for 60 minutes, while covered by a watch

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Location map of the study area (X) in Islamabad, Pakistan.

glass. The flask was then removed from the hot plate and
allowed to cool. The digestate was filtered using Whatman filter
paper, and each solution was transferred to a 50 mL volumetric
flask and diluted with a 0.1 N nitric acid solution. The same
method was used to prepare the blanks containing only filter
paper. All reagents used were of analytical grade (certified purity
> 99.9%) and procured from Merck (Darmstadt, Germany) or
BDH (UK). Doubly distilled water was used throughout the
present work.

2.4 Metals' quantification

Quantitative analysis of the metals (Fe, Ca, Mg, Zn, Mn, Cu, Co,
Sr, K, Ag, Li, Cd, Cr, Ni, and Pb) in all samples was performed by
atomic absorption spectrometry (Shimadzu AA-670, Japan)
using the standard procedure.’” Quantification of the metals in
the samples was performed under optimum analytical condi-
tions, as shown in Table S1 (SI), following the calibration line
method, which showed an excellent correlation coefficient
(>0.990). Each metal's standard stock solution (1000 mg L)
was used to prepare fresh working standards. The standard
reference material (NIST SRM-2711) was employed and analysed
to ensure the accuracy of the measured metal data, as shown in
Table S2 (SI), which revealed excellent recovery. An inter-
laboratory data comparison was also performed, demonstrating
the best agreement with each other (less than a 2% difference).
The blank input for all metals was assessed and noted to be less
than 5% of the measured metal levels. All glassware was thor-
oughly cleaned after an overnight soak in a 5% HNO; solution.
After that, it was rinsed with doubly distilled water and dried in
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an oven at 70 °C. During the investigation, analytical-grade acid,
glassware and reagents were employed.

2.5 Statistical analysis

The analysed data were employed for a descriptive statistical
analysis, which included calculating the maximum, minimum,
median, mean, standard deviation, kurtosis, and skewness. The
analysis demonstrated how the different data set variables were
distributed, varied, and dispersed. The mutual relationship
among the variables was investigated by computing the corre-
lation coefficient. Moreover, major pollution sources and
activities were assessed using multivariate statistical methods,
including cluster analysis (CA) and principal component anal-
ysis (PCA).

2.6 Pollution assessment

The pollution level was evaluated by determining the enrich-
ment factor (EF) and geoaccumulation index (Igeo). The
enrichment factor was employed to determine whether the
metal sources were natural or anthropogenic. It is a suitable
method for identifying emission sources and was estimated by
applying the following relationship:

[X/M ]

sample ( 1)

M ]

crust

where X is the target metal concentration, M, is the reference
metal concentration in the analysed samples and background
soil, and EF is the enrichment factor. Although several metals
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could serve as the reference, the choice of Fe was made based on
its abundance in both the samples and the background soil.
The metal levels in the upper continental crust were taken as the
background level in the present study.*® In general, EF < 10
indicates that the dominant metal source is the earth's crust,
while FE > 10 shows that human activities have contributed to
the enrichment of the samples. An EF of 10-100 indicates that
the metals are moderately enriched, while an EF > 100 denotes
irregular enrichment of the metals in the particulates.?**

The geoaccumulation index (I.,) is a geochemical parameter
that determines the particle pollution levels and contaminants.
It was calculated using the following relationship:

Gy
I = 1023 (153 @)

where “C,” is the detected metal levels of particulate samples,
and “B,” is the geochemical background value of the metals in
the soil.*® The factor of 1.5 is used to identify minimal anthro-
pogenic influences and reduce the possible changes in pre-
industrial values due to lithogenic effects. The I, can be
interpreted as follows: I, values less than 0 suggest that there
is no contamination; 0 < Ie, = 1 shows uncontaminated to
moderately contaminated; 1 < I, = 2 exhibits moderate
contamination; 2 < I, = 3 exhibits moderate-to-heavy
contamination; 3 < I, < 4 displays heavy contamination; 4 <
Iyeo = 5 shows severe contamination, and I, = 5 indicates the
most serious contamination.

2.7 Ecological risk assessment

The natural ecological equilibrium in the atmosphere can be
disturbed by high metal concentrations, which are hazardous to
living organisms. The environmental risk index (RI) has been
widely used to assess the level of trace metals in particulate
matter. The relationships shown below are used to calculate the
RI:

RI=>E/ 3)
i=1
i i Csam lei
E, = T,/ —samole. 4
Ccrustl ( )

where E, is the metal's potential ecological risk coefficient and
T, is the metal's toxic reaction factor.*® It is related to the
distribution capacity and relative abundance of the metal
pollutant in various forms, including metamorphic rocks, soil,
freshwater, continental plants, animals, etc.

2.8 Health risk assessment

Metals reach the body of an individual via three major paths:
oral ingestion, direct inhalation, and adsorption/skin contact.
However, direct inhalation is regarded as the main exposure
route. Therefore, in the present investigation, exposure through
inhalation was evaluated and calculated as per USEPA
methodology:*
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o ET x EF x ED

EC,., =C
" AT,

(5)
where C is the exposure concentration, ET is the exposure time,
ED is the exposure duration, EF is the exposure frequency, and
AT, is the average lifetime.

Non-carcinogenic and carcinogenic effects were evaluated
for risk characterization. The non-carcinogenic risks were esti-
mated by computing the hazard quotient (HQ) using USEPA
methodology.*%”

ECinn

HQu = RfC; x 1000 (©)

Here, RfC; is the inhalation reference concentration (ug m™>).
Usually, HQ values greater than unity are considered hazardous
for exposed populations. The overall non-carcinogenic risks
were assessed by determining the hazard index (HI), which is
the sum of the HQs of all metals. Here again, HI = 1 suggests
that there is no potential health risk, and HI = 1 implies that
there is a non-carcinogenic health risk.*

Carcinogenic risk (CR) was estimated by calculating the
cumulative probability of a person developing cancer
throughout the lifetime due to toxic metal exposure by inhala-
tion. The carcinogenic risk of toxic metals was determined
using the following relationship:*”

CRinh = ECinh x TUR [7)

Here, CR;,p, is a cancer risk a person faces because of inhaling
a specific carcinogenic metal. The IUR refers to the inhalation
unit risk. The USEPA suggests that CR = 1.0 x 10~ ° be deemed
insignificant, while CR = 1.0 x 10~* is considered to have
detrimental impacts on humans.

3. Results & discussion
3.1 Distribution of TSP and trace metals

The basic distribution parameters that were used to evaluate the
levels of TSP and trace metals in this investigation are shown in
Table 1. A considerable variation in the concentration of TSP
was found, ranging from a minimum of 45.00 pug m
a maximum of 480.3 ug m~>, with an average level of 157.3 pg
m™~>. The significantly higher SD and SE values supported
higher TSP variability and random distribution. At the same
time, skewness and kurtosis data suggested that the dispersion
of airborne particles was moderately skewed. The mean level of
157.3 pg m > was higher than the WHO (150 pug m™—?) stan-
dards.*® The mean level of TSP showed a notable decrease in the
concentration (157.3 pg m °) of particulate matter when
compared with previously reported data. For instance, Shahid
et al.> reported that the mean level of TSP was 343 ug m > in the
atmosphere of Islamabad, which was remarkably higher than
the present level. Overall, particulate matter pollution has
decreased.

The statistical distribution parameters for the metals are
shown in Table 1. Ca exhibited the highest concentration (3906
ng m %) among the metals in the total suspended particulate
matter, followed by Ni (3657 ng m %), K (3091 ng m %), Mg (1198

to

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00131e

Open Access Article. Published on 08 January 2026. Downloaded on 4/11/2026 7:48:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Statistical distribution parameters for TSP (ug m~>) and
concentrations of trace metals (ng m~) in atmospheric particulate
matter

Min Max Mean Median SD SE Kurtosis Skewness
TSP 45.00 480.3 157.3 126.6 85.79 11.78 2.641 1.374
Cr 4.447 171.2 44.41 20.01 50.05 7.632 0.352 1.306
Ni 200.0 6800 3657 2790 2153 399.8 —1.592 0.123
Cd 1.095 10.69 4.296 3.597 2.706 0.403 —0.364 0.809
Pb 11.46 362.3 106.6 65.82 91.21 14.61 0.867 1.292
Cu 1.368 72.80 18.62 14.34 15.94 2.431 2.713 1.527
Co 2.976 40.04 14.91 11.90 11.03 1.920 —0.160 0.950
Ag 0.271 8.894 3.515 3.247 2.245 0.351 0.002 0.759
Zn 13.68 278.7 75.91 57.84 58.64 9.912 2.828 1.505
Mn 2.866 110.7 32.51 23.83 26.20 3.633 0.632 1.161
Li 0.342 9.921 4.203 3.558 2.511 0.383 —0.316 0.653
Mg 158.2 3922 1198 868.3 974.4 164.7 0.402 1.029
Ca 376.3 9248 3906 3250 2478 369.5 —0.532 0.691
Sr 12.14 168.2 55.78 44.98 37.36 5.449 1.330 1.273
K 701.3 6511 3091 2990 1729 284.3 —0.890 0.493
Fe 123.1 5359 1010 595.0 1100 169.7 6.086 2.298

ng m %), Fe (1010 ng m ), and Pb (106.6 ng m™>). In contrast,
Cd (4.296 ng m~®), Li (4.203 ng m~), and Ag (3.515 ng m )
were found to be the lowest mean contributors. Moreover, toxic
metals, including Cd, Pb, and Cr, were found in the air within
safe limits, except for Ni, which was found to be above the
recommended values set by the World Health Organisation
(WHO). The levels recommended by WHO are 5 ng m ™2, 500 ng
m >, and 25 ng m? for Cd, Pb, and Ni, respectively.*® Elevated
levels of Ni in the local atmosphere were mainly associated with
fossil fuel combustion and industrial emissions in the city. The
overall mean metal levels were observed to increase in the
following order: Ag <Li<Cd <Co<Cu<Mn<Cr<Sr<Zn<Pb<
Fe Mg K < Ni < Ca. These findings are consistent with the results
of Liu et al.,*® providing further support for the present inves-
tigation. Moreover, the study investigated the dispersion and
distribution of metals in the urban environment. The results
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indicated that most of the metals exhibited large dispersion and
random distribution, as evidenced by their large range, higher
standard deviations, and diverse mean and median values, as
depicted in Table 1 and Fig. S1 (SI). The highest dispersion
around the average values was observed in the cases of Ca, Ni, K,
Mg, Fe, and Pb, while Ag, Li, Cd, and Co showed relatively small
dispersion. The standard deviation and standard error values
revealed that most metals had a random distribution pattern,
supported by the symmetry parameters skewness and kurtosis,
which indicated that anthropogenic emissions impact the
urban environment.

Compared to previous data reported by Ahmed et al.,”® the
current average concentration of some metals showed different
trends. For instance, a few metal levels, including Pb, Cd, Zn,
and Cr, increased while the rest of them decreased, indicating
the diversity of regional sources. Soil dirt, cement production,
steel dust, and power plant dust are the primary sources of Ca,
Fe, K, and Mg,* whereas Ni and Cr are produced by burning
coal and industrial processes. Cu is released into the atmo-
sphere due to tyre and brake abrasion, whereas galvanized
gasoline tanks and traffic emissions contribute Zn to the urban
atmosphere.** Overall, the findings of this study provide valu-
able insights into the dispersion and distribution of metals in
the urban atmosphere. The results suggested that anthropo-
genic emissions had a significant impact on the environment,
and the diversity of regional sources contributed to the vari-
ability in metal concentrations.

3.2 Correlation study

The correlation coefficient data are shown in Table 2, with the
bold r value significant at p < 0.05. This value demonstrates
a strong and mutual correlation between TSP and metals as well
as in the concentrations of the metal pairs. TSP was notably
correlated with Mn and Mg metals. Meanwhile, among the trace
metals, Fe-Mn (r = 0.788), Zn-Cr (r = 0.709), Cu-Pb (r = 0.707),
Mn-Cu (r = 0.686), Mg-Mn (r = 0.648), and Sr-Mn (r = 0.638)

Table 2 Correlation coefficient” matrix for TSP and selected metal levels in the atmospheric particulate matter

TSP Cr Ni Cd Pb Cu Co Ag Zn Mn Li Mg Ca Sr K Fe
TSP 1.000
Cr —0.161 1.000
Ni 0.172 0.382 1.000
Cd -0.222 —0.005 —0.195 1.000
Pb 0.169 —0.084 0.241 —-0.390 1.000
Cu 0.099 0.024 0.080 —0.103 0.707 1.000
Co —0.173 0.297 —-0.120 0.234 —-0.103 —-0.157 1.000
Ag  —-0.215 0.179 —-0.131 0.153 0.108 —0.002 0.333 1.000
Zn 0.057 0.709 —-0.013 -0.077 0.075 0.063 0.473 0.125 1.000
Mn 0.335 —0.046 —0.074 —-0.334 0.520 0.686 —0.224 0.052 —0.168 1.000
Li —0.071 0.327 —0.119 -0.273 0.269 0.325 0.203 0.495 0.565 0.348 1.000
Mg 0.387 —-0.417 -0.312 -0.419 0.589 0.461 -0.471 -0.273 -0.204 0.648 0.208 1.000
Ca 0.032 0.149 0.086 0.168 0.203 0.584 —-0.161 -0.026 0.063 0.370 0.182 0.153 1.000
Sr 0.042 0.105 —-0.045 -0.363 0.303 0.397 —0.435 0.048 —0.118 0.638 0.385 0.421 0.278 1.000
K —0.014 -0.005 -0.119 0.108 0.294 0.296 0.452 0.236 0.171 —-0.001 —-0.052 -—-0.127 0.167 -—0.228 1.000
Fe 0.130 —0.195 —-0.155 —0.430 0.393 0.365 —0.318 —0.020 —0.206 0.788 0.196  0.576 0.073 0.590 —0.067 1.000

“ r-values shown in bold are significant at p < 0.05.
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Fig. 2 Comparison of the average (a) enrichment factors and (b) geoaccumulation indices of selected metals in atmospheric particulates.

had the strongest correlation. Similarly, a statistically substan-
tial correlation was observed among Fe-Sr (r = 0.590), Mg-Pb (r
= 0.589), Li-Zn (r = 0.565), Pb-Mn (r = 0.520), Ca-Cu (r =
0.584), and Fe-Mg (r = 0.576). Based on the correlation coeffi-
cient data, the trace metals could be classified into two groups:
the first group comprises Zn, Mn, Cr, Cu, Pb, Mg, and Sr, while
the other is made up of Fe, Sr, Li, Mg, and Ca. The correlation
pattern suggests that Ca, Fe, Mg, and Li were emitted into the
atmosphere through natural sources, mainly wind-blown soil
and the earth's crust. Zn, Mn, Cr, Pb, and Sr were released by
some familiar sources, probably human activities. The findings
of this research are well supported by the results of Baidourela
et al.’ In airborne particulate matter, some metal pairs showed
a negative correlation, including Fe-Cd (r = 0.430), Mg-Cr (r =
0.417), and Co-Sr (r = 0.435), revealing their contrasting fluc-
tuations in the atmospheric particulate matter, which indicate
that there was no apparent common source of airborne

410 | Environ. Sci.: Atmos., 2026, 6, 405-417

particles. In airborne particulate matter, some metal pairs
showed a negative correlation, including Fe-Cd (r = 0.430), Mg-
Cr (r = 0.417), and Co-Sr (r = 0.435), revealing their contrasting
fluctuations in atmospheric particulate matter. A negative
correlation also indicates that there was no apparent common
source of airborne particles.

3.3 Pollution assessment

The enrichment factors (EF) and geoaccumulation indices (Iyeo)
were used to assess how anthropogenic emissions influenced
the level of trace metals in airborne particles. The estimated EF
helps to identify the anthropogenic sources of the metals in
TSP. Normally, EF values of less than 10 indicate that metals are
released primarily from crustal sources, and values greater than
10 may suggest that sources are anthropogenic. Fig. 2a displays
the EF values of each trace metal. From the enrichment factor
levels, the metals were clustered as extremely enriched (EF

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Principal component analysis of TSP and selected metal levels in the atmospheric particulate matter

PC1 PC 2 PC 3 PC 4 PC5 PC 6
Eigen value 4.010 2.334 1.568 1.438 1.300 1.050
Total variance (%) 25.06 14.59 9.798 8.987 8.127 6.561
Cumulative variance (%) 25.06 39.65 49.45 58.44 66.56 73.12
TSP —0.237 —0.010 —0.112 0.723 0.046 0.060
Cr —0.157 0.770 —0.147 0.131 0.130 —0.309
Ni 0.041 —0.028 0.032 0.073 —0.039 0.953
Ccd 0.593 0.176 —0.069 —0.263 —0.393 —0.242
Pb 0.678 0.022 0.387 —0.098 0.163 —0.278
Cu 0.444 0.061 0.241 —0.075 0.688 —0.058
Co —0.273 0.266 0.583 0.251 —0.212 0.066
Ag 0.142 0.125 0.325 0.723 —0.084 0.034
Zn —-0.115 0.876 0.190 —0.131 0.009 0.068
Mn 0.822 0.022 —0.045 —0.053 0.264 0.068
Li 0.416 0.680 0.042 0.266 0.039 0.140
Mg 0.700 —0.136 —0.046 —0.404 0.136 0.277
Ca 0.091 0.098 —0.028 —0.010 0.885 —0.032
Sr 0.677 0.086 —0.436 0.195 0.230 —0.018
K —0.029 —0.033 0.790 0.031 0.225 0.015
Fe 0.800 —0.147 —0.148 0.026 0.005 0.086

greater than 100), including Ni, Ag, and Cd; moderately
enriched (EF values between 10 and 100), including Pb, Co, Cr,
Zn, and Cu; and less enriched (EF less than 10): Li, Mg, Sr, Ca,
Mn, and K. The highest EF values were shown by Ni and Ag,
followed by those of Cd and Pb. The highest EF values
demonstrated that the anthropogenic emissions significantly
influenced the metals in the airborne particulates. Metals,
including Pb, Cd, and Zn, are emitted by automobile exhaust,
while local metal industries release Fe, Cu, and Co into the
surrounding environment.”” In contrast, the less-enriched
metals with EF values of less than 1 (Li, Ca, Mn, K, and Sr)
primarily originated from the earth's crust and the resus-
pension of soil particles.*® These results are comparable with
those reported by Panda et al.>® Overall, all metals exhibited EF
values greater than unity, indicating that they are believed to
originate predominantly from anthropogenic sources except for
Fe.

The geoaccumulation index (Ige,) is used to describe the
extent of environmental pollution. Fig. 2b displays the mean I,
of the selected elements. Some of the metals, including Ag, Cd,
and Ni, had values of I, = 4 and showed the highest
contamination levels. In contrast, Pb had moderate to heavy
contamination in the atmospheric particulate matter with Iy,
= 2. The remaining metals had I, = 0, demonstrating their
uncontaminated presence in the airborne particles. Similar
results for hazardous metals are reported in the literature.>****
The results of the pollution assessment indicate that the pres-
ence of Ag, Cd, Ni, and Pb has had a significant impact on the
surrounding environment, leading to severe atmospheric
pollution in the local area.

3.4 Multivariate source apportionment

The source identification/apportionment of trace metals in
airborne particles is one of the most significant parts of this
study. It was accomplished using principal component analysis

© 2026 The Author(s). Published by the Royal Society of Chemistry

(PCA) and cluster analysis (CA). Table 3 provides the principal
component (PC) loadings of TSP and selected metals, whereas
Fig. S2 (SI) shows the corresponding CA. A total of six PCs with
Eigen values > 1 were retrieved by normalised rotation on
datasets for particulates, accounting for about 73.12% of the
total variance (Table 3). PC 1 had the highest loadings for
metals, including Mn, Fe, and Mg, accounting for 25.06% of the
total variance. The CA also observed a cluster comprising the
same metals. These metals were known to be associated with
the earth's crust and wind-blown soil in the atmosphere.®
Therefore, this cluster is mostly controlled by local geological
settings of the study area. The highest loading in favour of Zn,
Cr, and Li was observed in PC 2 with a total variance of 14.59%,
indicating that these were derived from familiar sources, espe-
cially industrial emissions from metallurgical and electrical
components located in industrial areas of the city.** PC 3
showed the highest loadings for K and Co. These metals were
derived from burning and incineration.** The highest TSP and

1000
Ecological Risk Coefficient (E,)

| I
0.1 I I I I
cr Ni Pb Cu zn

Fig. 3 Average values of the ecological risk coefficients (E,) of trace
metals in atmospheric particulates.

Ecological Risk Coefficient
5
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Ag loadings were found in PC 4, with total variances of 9.79%
and 8.98%, respectively. PC 5 revealed the highest loadings for
Ca, mainly emitted from crustal material and hence geogenic in
origin. The last PC showed the highest loading for Ni, which is
released into the atmosphere from transportation, oil, and coal
combustion.” The application of multivariate PCA and CA
revealed that anthropogenic emissions played a significant role
in the occurrence of trace metals in airborne particulates. This
finding is further supported by the enrichment factors (EF) and
geoaccumulation index (Igo). These results suggest that
anthropogenic activities are a major contributor to the presence
of trace metals in airborne particulates.

3.5 Ecological risks

The ecological risks caused by toxic metals in TSP were assessed
using an ecological risk index (RI) and an ecological risk coef-
ficient (E,). Risk index (RI) is a total risk index that is typically
classified as follows: RI < 150 shows low environmental risk, RI
< 300 shows moderate ecological risk, RI < 600 specifies
significant environmental risk, and RI = 600 means extremely
extreme ecological risk.***** The ecological risk coefficients for
every single metal can be separated into five groups based on
their E, values:*® low risk (E, < 40), moderate risk (E. < 80),
significant risk (E; < 160), highest risk (E, > 160), and the
extreme risk (E; > 320). Fig. 3 displays the ecological risk coef-
ficient of selected trace metals. It was revealed that metals such
as Zn, Cr, and Cu showed a low ecological risk, whereas Pb had
a moderate risk (E; < 80) and Ni exhibited a remarkably high risk
(E; > 320). Overall, metals in TSP pose an ecological risk in the
following order: Ni > Pb > Cu > Cr > Zn. These elements are very
toxic pollutants in the atmosphere. It is essential to lower their
emission levels, particularly for Ni. The cumulative risk index
(RI) for metals was very high, with RI > 600, indicating an
extremely high ecological risk. It is concluded that the current
metal concentrations in the local atmosphere caused a very
high ecological risk during the sampling period, and Ni was the
main contributor to that risk. Hence, controlling or decreasing
these harmful elements’ emission sources into the local atmo-
sphere is necessary.

3.6 Health risks

The most essential part of this study was the evaluation of the
potential health risks caused by toxic metals in airborne parti-
cles. Inhalation represents the most prevalent route through
which individuals are directly exposed to particulate metals in
the air. Fig. 4a displays the average exposure levels of toxic
elements through inhalation of airborne particles. The expo-
sure concentration of toxic metals, including Ca, K, Mg, and Fe,
was comparatively high. However, these metals are not usually
considered detrimental because they are essential to life and do
not have any toxic impacts on health. In contrast, the metals Pb,
Zn, Sr, and Mn all had slightly high exposure levels. However,
continuous and regular exposure to these metals in elevated
concentrations harms human health. The non-carcinogenic
health risks caused by toxic metals were assessed using the
hazard quotient (HQ) and hazard index (HI). Fig. 4b shows the
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Fig. 4 Average levels of (a) exposure concentrations (ug m™), (b)
hazard quotients and (c) carcinogenic risks of trace metals through the
inhalation of TSP.

CRi

average HQ for the hazardous elements. An HQ value of less
than one (1.0) is considered safe. The computed HQ values for
Ni and Co metals exceeded the safe limit (HQ > 1), indicating
possible non-cancer risks to humans. The rest of the metals
(Mn, Cr, Cd, Pb, Cu, and Zn) had HQ values within the safe limit
(HQ < 1); therefore, no significant non-carcinogenic risks were
linked with their exposure via inhalation of airborne particles.
The results of this study agreed with those of Ulutas.** More-
over, the HI value was above the safe limit (HI > 1), revealing the
non-carcinogenic risks caused by toxic metals in TSP.

The assessment of the cancer risks (CR) caused by inhaling
toxic metals is illustrated in Fig. 4c. Cancer risk (CR) is
commonly interpreted as follows: when the computed CR value

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00131e

View Article Online

Atmospheres

Environmental Science

Paper

*Apnys Juasaid ,,

v9erT €0°€€ €688 16759 €8°6T LE°0 €8'1 65°S €L78 <c(0OIXAN) U0 0AINN
T6'THT gt 01cTLT Y0'€T €T°CE T80 €€°9 €0°L 8S°S¥ »o(PUBIOd) 9z1qeZ
6'€S9 L9TC vy 8¢ 9T €y €S LT 9Tt 80 65(BLIOBIN) BOZEUDX
9vL €ere PITT Tse £8°0T 11T LTT TE0 9T°0 €8¢ 1o(PuelrRYL) BX JBH
ve £€5T $H0T T 9'€9 TT €FT €0 6'90T (82103 yINOS) SuryOd
09T S0S 0SL1 €8¥ T'T¥ LET SL°0 0°¥¢ Tl v's L8°€8 (891031 YINOS) [N02S
0S68L  08L9¥L 0LTT8  98°9ST <¢(B1S9UODPUT) SOTRN

66°06 mmﬁm_m%m_mvé Teduwey

00T€¢ 0091 00T6 00v¢T 148 c<(e1qe1V 1pnes) yeppa[
(4144 0T 0€T 08L 0¢ ¥Z9T 4 (UBID) [0qeZ

0L'ST €s'g 0L0T  0T0°0 66°€T 65°€T 8%°LT ,o(ueln) ueIyay,
T616 020S €L6  €979T 9¢eLe 6'€T r'sse 6791 L°T6T 8'€eT §Te 59y ¢r(BUIYD) 0BP3UID
18'9ST  $E6¥T ¥8'68¢ ¢,(BUIUD) UeUIRNH

0419 04L7 00/¥T 0T¥e ¥ e STT €61 L'y Tl TeT 498 (euryD) 3uifiog
¥9T o»(18doN) npuewye

0T0TT  000%S 0LT  00LLT 0008 otT o¥ze 006 0¢ 02 0L 0sT 0¢ 0L 06T 6€L o(BIPUI) IY[2A
098 0TST 09T¥ 0£6¢ 09¥% 0¥9T 01T €€9 01T oc(Usopedueq) exeya
060971 0TST 0€90T 0912 088€ 06.9 098 09%€T ,»(UBISD[Ed) S10UR]
523 oz (UBISD[Rd) pEqRWE[ST

010T 160 8L'SS 906¢ 861T  €0T¥ 16 166 SIS’ T6'%T T9°'81 9'90T  96TFV  LS9E 1'Hh €LST ,(UBISD[Rd) pRqRWE]S]
X | | IS €D 3N 1 umW uz 3v 0D np ad pPD IN D dSL 1S

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

PUOM 83U} punoJe s1aAd] pauodal ayy Yim (._wi bu) sjeyaw adeiy pue (. B1l) 451 o sj9As) ueaw jussald ay3 Jo uosledwo) ¢ dgeL

"INd G2'8v:2 9202/TT /7 U0 papeojumoq '920z Arenuer 80 U0 paus!iand 91 Y Ss300V uadO

Environ. Sci.. Atmos., 2026, 6, 405-417 | 413

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00131e

Open Access Article. Published on 08 January 2026. Downloaded on 4/11/2026 7:48:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

is less than 1 x 10~ °, the local population is regarded as safe;
significant when the risk is up to 1 x 10~* and intolerable when
the CR value is >1 x 10" The findings of this research reveal
that CR values for Pb are within the safe limits shown in Fig. 4c,
demonstrating that there is no longer a cancer risk from Pb
exposure. In contrast, Cr, Co, and Cd show a significant cancer
risk, while Ni has exceptionally high CR values (Fig. 4c), indi-
cating a severe cancer threat to the local population. Conse-
quently, the urban air in Islamabad posed a high risk of cancer.
Overall, exposure to these toxic metals demonstrates the
possibility that an individual would get cancer due to lifetime
exposure to these potentially toxic metals. The findings of this
research were consistent with those of Joshirvani et al.*® The
current investigation has demonstrated a significant carcino-
genic risk caused by inhaling airborne particles that contain
toxic elements. Therefore, it is necessary to regulate or decrease
the causes of emissions of these harmful elements into the
atmosphere.

3.7 Comparison with reported levels

The current levels of TSP and selected trace metals are
compared with those published internationally, as shown in
Table 4. It was noted that the mean level of TSP in the atmo-
sphere of Islamabad is significantly lower than those in some
Asian cities, including Lahore,” Zabol,"* Delhi,** Huainan,*
and Kathmandu.** Several Asian cities, including Seoul,*
Pohang,* and Hat Yai,”® have low concentrations of TSP
compared to current levels. However, current levels of TSP are
comparable to those in Beijing,* Maros Regency,”* and Jed-
dah.*® Furthermore, the current TSP concentration is signifi-
cantly higher than in Zabrze, Poland, and Nuevo Leon,
Mexico.>*%

A comparison of metal concentrations (Table 4) revealed that
the current levels of almost all metals were significantly lower
than those reported in severely polluted urban cities in Asia,
including Lahore, Pakistan,” Delhi, India,** Huainan and
Qingdao, China,"** Zabol, Iran,'* Maros Regency, Indonesia,**
and Jeddah, Saudi Arabia.*® The atmospheric concentration of
Cr in this investigation was much lower than that in severely
contaminated cities in Asia, including Maros, Lahore, Qingdao,
and Delhi, as shown in Table 4. Similarly, the current level of Pb
in airborne particulates was also lower than those reported for
Maros, Lahore, Zabol, Dhaka, and Qingdao. In contrast, it is
very high compared to Seoul (South Korea), Yenagoa (Nigeria),
and Leon (Mexico). The average Mn level was comparable to
Leon's.”® Similarly, the mean level of Cd in the atmosphere of
Islamabad was also comparable to those found in Beijing,
China.”* Moreover, when metal levels were compared with the
European city of Zabrze, it was found that all metal levels (Cr,
Ni, Cd, Pb, and Cu) in Zabrze (Poland) were low except for Zn,
which had a significantly high concentration.** The comparison
shows that current particulate matter (PM) and trace metal
levels are considerably higher than those reported in Asian,
European and American urban areas because they have more
stringent environmental regulations.*** However, these were
comparable with some urban areas globally and significantly
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lower than those in overpopulated cities, especially in South
Asia.

4. Conclusions

This study revealed considerable variations in the levels of total
suspended particles and trace metals in the atmosphere of
Islamabad. The TSP levels were found to be higher than the
permissible limits specified by the World Health Organisation
(WHO) and the United States Environmental Protection Agency
(USEPA). The study indicated that the concentration of Ni
exceeded WHO guidelines, which can be a cause of major
concern. Most metals in atmospheric particulates were
observed to be random. The results of the correlation analysis
indicated several strong mutual associations between the total
suspended particulate matter and trace metals, thus suggesting
their common sources. Multivariate analyses (PCA and CA) were
conducted to identify the main sources of pollution. It was
found that automobile/industrial emissions, fuel combustion,
and wind-blown re-suspended dust were the major sources of
pollution. The enrichment factor and the geoaccumulation
index revealed that the urban atmosphere was heavily
contaminated with Ag, Cd, Ni, and Pb, indicating the impact of
human activities on the environment. Furthermore, Ni was
found to exhibit the highest ecological risk among the metals.
The calculated hazard quotient values for Ni and Co exceeded
the safe limit (HQ > 1), thereby indicating a significant non-
carcinogenic threat to human health. Additionally, the study
revealed that Ni posed the highest carcinogenic risk, while Pb
showed the lowest risk. Moreover, a comparison of the current
TSP and metal levels showed that they were considerably higher
than the levels reported in urban areas of Europe and North
America. Nevertheless, these levels were comparable to those
found in some urban areas worldwide and significantly lower
than those observed in overpopulated cities, particularly in
South Asia. The study thus highlights the urgent need to control
these toxic pollution sources, particularly Ni, Cd, Pb and Ag, in
the local atmosphere of Islamabad. Overall, the findings of this
study provide an essential source of information for regulating
air quality and ensuring public health. The current investiga-
tion emphasised the need for measures to mitigate air pollution
in Islamabad, Pakistan.
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