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INTRODUCTION
In recent years, growing global concerns regarding air quality have 
led to increased research on the characterization of atmospheric 
particulate matter [1–2]. Atmospheric falling dust represents a broad 
category of particulate matter, consisting of particles that settle 
onto the ground under the influence of gravity. These particles 
typically range in size from greater than 10 μm to less than 100 μm 
in diameter. From an aerodynamic perspective, pollutants associated 
with falling dust can contribute to localized contamination, as 
such particles tend to deposit readily near their emission sources. 
Consequently, dust deposition serves as an important indicator for 
assessing environmental quality [3–4].

Atmospheric falling dust in urban environments exhibits a 
complex mineralogical and chemical composition, as it originates 
from a combination of natural (geogenic) and human-induced 
(anthropogenic) sources [5–10]. Geogenic contributions to road-
deposited particles primarily arise from the erosion of nearby 
soils and local geological formations, along with the atmospheric 
transport and subsequent deposition of naturally derived particulates 
[11–12]. In contrast, anthropogenic inputs to atmospheric dust are 
largely associated with industrial activities—such as emissions from 
power plants, coal combustion processes, metallurgical operations, 
automobile repair facilities, and chemical industries—as well as 
traffic-related sources. These include vehicular exhaust emissions, 
tire and brake wear, road surface degradation, construction materials, 

application of road salts and paints, and debris generated by pedestrian 
activities [13–14].

Atmospheric dust plays a significant role in the transport 
and distribution of contaminants, acting as a reservoir for a wide 
range of pollutants [15–16]. Unlike other environmental media, 
it possesses a high potential for resuspension [17], which facilitates 
the re-entry of associated metals into both the atmosphere and 
surrounding soils. This characteristic results in multiple human 
exposure pathways, including inhalation, ingestion, and dermal 
contact, thereby increasing potential health risks [18–20]. The 
problem is particularly severe in mining regions, where substantial 
amounts of metal-enriched dust are generated from activities such 
as ore extraction, smelting operations, tailings storage, and exposed 
waste rock. These fine particles are readily dispersed by wind and 
can be easily resuspended under dry conditions, contributing to 
continuous environmental contamination and enabling long-range 
atmospheric transport [21–23]. Thus, heavy metals such as cadmium 
(Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb) and zinc (Zn), 
having toxicity at low concentration are significantly contributed by 
resuspension of this atmospheric dust into the atmosphere, becoming 
hazardous to all living organisms [24-25]. 

Chronic exposure to cadmium, even at relat ively low 
concentrations (around 1 mg/L), has been associated with adverse 
health effects such as prostate abnormalities, pulmonary cell damage, 
bone fragility, and renal dysfunction. Although iron is an essential 
micronutrient for human health, its excessive accumulation can 
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ABSTRACT
This study was conducted to examine the concentrations of eight heavy metals (Zn, Cu, Pb, Cd, Cr, Ni, Fe, and Ca) in freefall atmospheric dust 
under the influence of meteorological conditions. Dust samples were collected during the winter season, from November 2024 to February 2025, 
in and around Kota, Rajasthan. The mean concentrations (mg/L) of Zn, Cu, Pb, Cd, Cr, Ni, Fe, and Ca were recorded as 4.3248, 0.7770, 1.5683, 
0.1130, 1.0517, 0.8899, 77.4911, and 1666.42, respectively. The results indicate that the concentration levels of these metals are significantly 
affected by prevailing meteorological conditions during the study period, although some variations were observed, likely due to fluctuations 
in wind speed. Wind rose analysis revealed that sampling locations predominantly facing North-East and East wind blow (67.66%) from the 
Kota Thermal Power Plant exhibited the highest metal concentrations, as these sites are situated closest to the emission source. Furthermore, 
Pearson’s correlation and principal component analysis (PCA) suggest that Zn, Cu, Pb, Cd, Cr and Ni primarily originate from coal combustion 
processes at the Kota Thermal Power Plant, along with contributions from other industrial activities in the region.
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promote harmful algal blooms and reduce dissolved oxygen levels 
in aquatic systems. Extended exposure to nickel has been linked to 
an elevated risk of carcinogenic effects, while high concentrations 
of lead may cause multiple health disorders, including anemia and 
impairment of the central nervous system. In aquatic organisms, 
excessive zinc levels can negatively affect reproductive performance 
and developmental processes [26–30].

In the industrial city of Kota, along with numerous Kota stone 
manufacturers, among other small and large-scale enterprises, 
production of large amounts of fly ash, which is a homogenous blend 
of different metallic oxides, from Kota Thermal Power Plant, further 
escalate concentration of heavy metals [31]

Additionally, meteorological conditions play a very important 
role in controlling the concentration, transport, and deposition of 
heavy metals. These metals are mostly attached to particulate matter 
(PM), so weather directly affects their behavior [32].

The complexities of heavy metal pollution—encompassing its 
diverse sources, toxic characteristics, persistence, non-biodegradable 
nature, and tendency for bioaccumulation—pose significant risks to 
environmental systems [24, 32].

Therefore, accurately evaluating heavy metal contamination 
status in freefall atmospheric dust and identifying their sources is 
crucial for developing effective treatment and control strategies 
[22,33-34].

The main objectives of this study include: (i) To determine the 
concentration of Zn, Cu, Pb, Cd, Cr, Ni, Fe and Ca metals in freefall 
atmospheric dust samples collectedat selected 50 sampling sites 
covering entire Kota city area; (ii) to identify possible sources of heavy 
metals associated with atmospheric dust using Pearson correlation 
coefficient and Principal Component Analysis; (iii) to study the effect 
of climate on the concentration levels of heavy metals as a function of 
meteorological parameters such as temperature, relative humidity, 
wind speed and wind direction. 

The study will help in indicating the influence of coal-based 
thermal power plants and the industrialization of the rapidly growing 
city on the concentration levels of heavy metals in atmospheric dust.

MATERIAL AND METHODS

Study area 
Located on the Chambal River bank at eastern side, at 25°11 N and 
75°51 E, Kota is a major industrial city of south Rajasthan and is 
the nation’s power production center owing to the Kota Thermal 
Power Plant. Its semi-arid climate lies between 6.6 and 36.11°C (in 
winter). This area produces a significant volume of slurry, mostly 
composed of oxides of Ca, Mg and Si, as a result of the excavation, 
cutting, and polishing of a well-known Kota stone from more than 
200 stone units[23].

Freefall atmospheric dust collection and analysis
Through the Global Positioning System, 50 sampling sites were 
chosen as per some certified standards[35]. Figure 1 shows the 
location of all the sampling sites of Kota City chosen for the present 
study. All freefall atmospheric dust samples (n = 50 samples x 04 
months = 200 samples) were collected in the months of the winter 
season, which are November, December, January and February 

during 2024-2025. In plastic trays of 1m2 area situated at a height of 
6 meters above the roof surface, the samples were collected at the 
end of the month. It should be noted that these samples represent 
only dry freefall atmospheric dust collected during 30 days dry period 
(excluding any rain event). Following sampling, freefall atmospheric 
dust was scraped off the trays according to the washing method used 
earlier[36]. The dried samples were subjected to a digestion process 
for metal analysis after passing through the sieves with 300BSS (< 53 
µm). Each dust sample was collected and immediately placed into a 
brand-new, labeled airtight polyethylene package for secure storage 
and transit[37].

Total heavy metal digestion
After the samples were run through 300 BSS (< 53 µm) sieves, 
they were digested for further process. Since the concentration of 
the metals in these samples determines their mode of occurrence, a 
digestion procedure was used to extract only the nitric acid-soluble 
fraction[38]. Total metal extraction was carried out through Nitric 
acid (HNO3) digestion [39]. After digestion, the concentrations of 
chosen metals (Zn, Cu, Pb, Cd, Cr, Ni and Fe) were measured using 
the Direct Air – Acetylene Flame method (AAS-Shimadzu-6300), 
with the Ca metal being measured using the Flame Photometer 
(Systronics -128) method. With the use of quality control blanks, 
certified reference material, and internal standards, the precision 
and accuracy of the analysis were kept under observation. 

Fig. 1: Location of sampling sites of Kota city at the study area.

Table 1: Meteorological conditions of Kota City during the winter season.

Meteorological conditions Measurements

Temperature (°C) 19.23 ± 07.00

Relative humidity (RH) (%) 64.15 ± 11.60

Wind speed (km/h) 0.88 ± 0.52

Rainfall (mm) 1.30
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and direction). The skewness values for Cu, Pb, Cd, Cr, and Ni were 
predominantly positive, indicating that the mean concentrations 
were greater than the median values. This suggests the occurrence 
of episodic high pollution events and highlights the temporal nature 
of the highest concentrations across different sampling locations.

As the present research aims at determining the pollution load of 
copper, lead, cadmium, zinc, calcium, and iron under meteorological 
observation, it is worth mentioning here that the higher concentration 
of Zn, Cu, Pb, Cd, Cr and Niare found at the sites which are at closest 
distance to the point source Kota Thermal Power Plant and lower 
concentration of Zn, Cu, Pb, Cd, Cr and Ni metals are found at the 
sites which are farthest from Kota Thermal Power Plant. 

Table 1 displays themeteorological conditions of Kota City during 
the sample collection with average values of temperature (19.23°C), 
relative humidity (64.15%) and wind speed (0.88 m/h) (Table 1) at 
the studied sampling sites. Ca and Fe, mostly found in the local soil, 
are mobilized or resuspended before being assimilated in the study 
area. Higher concentrations of Ca metal are due to its abundance in 
the earth’s crust and soil, while Fe is found as oxide, such as limonite, 
siderite, etc. [40-41] In addition to emissions from Kota Thermal 
Power Plant, lubricants, rubber tire remnants, and corrosion of 
vehicle components could be the source of Zinc particles found in the 
ambient air. [42 - 44]. As lead has a longer half-life in the atmosphere 
than other elements, besides being present in fly ash emissions from 
Kota Thermal Power Plant, its persistent presence in atmospheric 
dust is more likely the result of past vehicle emissions (prior to the 
ban of Pb-containing fuel) [38].

Pearson’s Correlation Analysis
Table 3 displays the correlation coefficient of heavy metals in 
atmospheric dust which indicated  positive correlation between 
Cu-Zn (0.565), Pb-Zn (0.610), Cd-Zn (0.640), Cr-Zn (0.686), 
Ni-Zn (0.637), Pb-Cu (0.605), Cd-Cu (0.619), Cr-Cu (0.699), 
Ni-Cu (0.697), Cd-Pb (0.631) Cr-Pb (0.703), Ni-Pb (0.795), Cr-Cd 
(0.791), Ni-Cd (0.764), Ni-Cr (0.877) suggesting their common 
origin i.e. point source Kota Thermal Power Plant mainly beside 
other common industrial activities. Similarly, a positive correlation 
observed between Ca-Fe (0.762) indicates that these metals have a 
common source, possibly natural soil.

Principal component analysis
Principal component analysis (PCA) accounts for statistical 
variance by deriving the least number of major factors. It is useful in 
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Fig. 2: Wind rose in Kota city during the sampling period

Monitoring of meteorological parameters
During the measurement period (November, 2024 to February, 
2025), the Automated Weather Station (model number: DCPAWS02) 
installed at the Kota Aerodrome, India, provided the meteorological 
data as given in Table 1 and Figure 2. The data were recorded hourly 
and averaged across the 24-hour operation time of the samplers.

Statistical analysis
Statistics were performed from the data using SPSS 22.0 and 
MS-Excel 2021. 

RESULTS AND DISCUSSION 

Metal analysis
Table  2 presents the descriptive statistics of Zn, Cu, Pb, Cd, 
Cr, Ni, Fe and Ca concentrations, which followed the order 
Ca>Fe>Zn>Pb>Cr>Ni>Cu>Cd and were found to be 1666.42 
(1134.28–2492.11) mg/L, 77.4911 (63.6581–91.7363) mg/L, 
4.3248(1.1639–6.7216) mg/L, 1.5683 (0.112–4.7737) mg/L, 1.0517 
(0.0793–2.0793) mg/L, and 0.8899 (.1321–1.9809) mg/L,0.7770 
(0.0417–1.9638) mg/L, 0.1130 (0.0152–0.4661) mg/L, respectively. 
Average concentrations of Zn, Pb, Cd, Cr and Ni are found to exceed 
WHO standard limits, which might be due to coal combustion 
activity at the point source Kota Thermal Power Plant, besides other 
anthropogenic activities. We observe variations in the elemental 
concentration as a function of sampling sites and wind velocity (speed 

Table 2: The descriptive statistics of Zn, Cu, Pb, Cd, Cr, Ni, Fe, and Ca (mg/L) in atmospheric dust samples during the winter season.

Element Min Max Mean SD Skewness Kurtosis

Zn 1.1639 6.7216 4.3248 1.0960 -0.220 -0.219

Cu 0.0417 1.9639 0.7770 0.3778 0.382 0.203

Pb 0.0112 4.7737 1.5683 1.1254 0.454 -0.587

Cd 0.0152 0.4661 0.1130 0.0579 1.107 5.480

Cr 0.0793 2.0793 1.0517 0.5124 0.045 -1.112

Ni 0.1321 1.9809 0.8899 0.4568 0.174 -0.822

Fe 63.6381 91.7363 77.4911 6.6845 0.078 -0.835

Ca 1143.28 2492.11 1666.42 325.91 0.616 -0.347
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Table 3: Correlation coefficients between the concentration values of metals analyzed during the winter season (* significant at 5% level)

Metal Zn Cu Pb Cd Cr Ni Fe Ca

Zn 1.000

Cu 0.565 1.000

Pb 0.610 0.605 1.000

Cd 0.640 0.619 0.631 1.000

Cr 0.686 0.699 0.703 0.791 1.000

Ni 0.637 0.697 0.795 0.764 0.877 1.000

Fe -0.438 -0.479 -0.511 -0.433 -0.555 -0.564 1.000

Ca -0.442 -0.421 -0.576 -0.392 -0.511 -0.565 0.762 1.000

Table 4: PCA displaying loading of 8 variables with two varimax factors (VF) in 
freefall atmospheric dust samples during winter season

Variable Component

VF 1 VF 2

Cd 0.871 -0.155

Cr 0.870 -0.320

Ni 0.845 -0.382

Cu 0.765 -0.259

Zn 0.763 -0.240

Pb 0.728 -0.424

Fe -0.267 0.904

Ca -0.299 0.876

% of variance 51.09 % 27.03 %

Cumulative (%) 51.09 % 78.13 %

reducing the dimensionality of the large data sets and in clarifying 
the relationship between the variables [45-46]. To further identify 
pollution sources of freefall atmospheric dust in the present study, 
PCA was carried out with varimax rotation. The results of principal 
component analysis (PCA) showed that only two eigenvalues were 
>1, which explains over 78.13% of the variance. The results in the 
rotated component matrix (Table 4) showed that all eight metal 
species are explained by two factors (varimax factors 1 and 2). The 
first factor (VF 1), which explained over 51.09 % of variance, showed 
high loading of the heavy metals such as Zn, Cu, Pb, Cd, Cr and Ni, 
indicating the influence of anthropogenic activities, mainly coal 
combustion at Kota Thermal Power Plant. VF 2, which accounted 
for 27.03% of the layout variance, showed high loading of Ca and Fe, 
indicating the influence of crustal aerosols [46].

CONCLUSION 
In this study, we illustrated heavy metal contamination in road dust 
samples collected from 50 sampling sites in Kota City, Rajasthan, 
during the winter months, viz. November 2024 to February 2025 and 
threw a light on their possible source. The pollution load of copper, 
lead, cadmium and zinc was assessed under varying meteorological 
conditions. The results indicate that concentrations of Zn, Cu, Pb, 
Cd, Cr, and Ni were highest at sampling sites located nearest to 
the point source, the Kota Thermal Power Plant, whereas lower 

concentrations of these metals were observed at sites situated farther 
away from the plant.

The positive correlations and Principal Component Analysis 
(PCA) indicate that heavy metals such as Zn, Cu, Pb, Cd, Cr, and Ni 
originate from common sources within the city. These sources are 
mainly associated with the activities at the coal-based Kota Thermal 
Power Plant, along with other industrial activities and vehicular 
emissions. Therefore, it is essential to evaluate air quality in Kota 
City with respect to heavy metal contamination to minimize potential 
health risks. Additionally, these pollution sources must be carefully 
considered by authorities during urban planning and management.
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