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Abstract: Mercury air pollution is significantly harmful to human health. The first-ever 

detailed measurements of respirable-sized HgP levels were carried out at three sites in New 

Delhi in this study. The samples were collected at i) Jawaharlal Nehru University (JNU) 

(urban background site) and ii) Okhla (urban industrial cum residential site) during 2014–15, 

and iii) Badarpur (thermal power plant site) during January and February 2017, on quartz filters 

by using a high-volume air sampler. The mercury determination was carried out by using a VA 

computrace metal analyzer in differential pulse Anodic Stripping Voltammetry mode. The HgP 

levels varied from 0.24 to 1.43 ng m−3 with a mean of 0.74 ± 0.35 ng m−3 at JNU during the 

entire study period. At the Okhla site, the HgP levels varied from 0.19 to 7.36 ng m−3 with a 

mean of 1.40 ± 1.46 ng m−3, while the HgP levels varied from 0.30 to 4.03 ng m−3 with a mean 

of 1.81 ± 0.96 ng m−3 at Badarpur during the winter season. HgP levels had significant spatio-

temporal variations. The higher average concentrations of respirable HgP were observed during 

the winter season at all the sites as compared to the summer and monsoon seasons. Wind and 

pollution roses showed that the sampling sites were affected by local, regional, and 

transboundary pollution sources. Findings of this study will serve as an important reference for 

future assessment of atmospheric particulate mercury pollution in the Delhi National Capital 

Region. Anthropogenic HgP in the capital city of India still needs further long-term monitoring 

programs because of growing urbanization and industrialization. 
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1. Introduction 

Mercury (Hg) is considered a global concern because of its global distribution 

through long-range transport even in remote areas, and studies on its presence in the 

environment are important due to its potential toxic impacts and bioaccumulation and 

biomagnification tendency, causing severe environmental and human health 

consequences [1–6]. Mercury is known to bioaccumulate in fatty tissues and 

biomagnify along the food chain in marine animals [3]. The harmful effects of Hg on 

human health are widely discussed in the literature and were first observed in Japan in 

1956 [1]. The harmful effects of Hg on human health depend on types of Hg 

compounds and their exposure levels. Mercury in the atmosphere comes from natural 

sources, i.e., evaporation from soil, sediments, and water surfaces, forest fires, 

volcanoes, geothermal vents, etc., as well as anthropogenic sources, i.e., chlor-alkali, 

non-ferrous metals, cement production, waste incineration, coal combustion, 

electronics, plastic industries, etc. [4,7,8]. 

Typically, atmospheric Hg comprises three forms: particulate mercury (Hgp or 

HgP), reactive gaseous mercury (HgII or RGM), and gaseous elemental mercury (GEM 
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or Hg0). HgP consists of gaseous elemental or oxidized Hg species adsorbed or bound 

to atmospheric particles. These three forms of mercury are characterized based on the 

differences with respect to their atmospheric residence time, chemical and physical 

transformations, transport, deposition, and effect on ecosystems [9]. In the 

atmosphere, greater than 95 percent of the total mercury is present as GEM, which can 

undergo long-range transport because of its low reactivity, high stability, low water 

solubility, and long residence time (i.e., a few months to a year). However, RGM and 

HgP have short residence times and short-range transport because they have high 

scavenging coefficients, water solubility, reactivity, and dry deposition velocity as 

compared to GEM [10–12]. Quantification of Hg in particulate matter is of special 

relevance because, regardless of its lower concentrations (< 5% of total atmospheric 

Hg), atmospheric HgP plays a significant role in atmospheric Hg input or influx into 

aquatic and terrestrial ecosystems, therefore exerting influence on the global 

biogeochemical cycling of mercury [13–15].  

Delhi’s ambient air quality is deteriorating rapidly with time, particularly in the 

winter season. The sources of air pollution are heterogeneous and localized and highly 

dependent on season [16]. The combination of sources contributing to air pollution in 

Delhi includes industries, domestic combustion of biomass and coal, transport, thermal 

power plants, and municipal waste incineration [17]. Coal combustion, thermometer 

factories, steel industries, chlor-alkali industrial units, municipal waste incineration, 

and broken fluorescent lamps (CFLs), etc., are the most predominant sources of 

atmospheric Hg in India [18–21]. In India, because of increased industrial activities 

and coal combustion, the emissions of mercury into the atmosphere have also 

increased remarkably [18,20–22]. Extensive studies have been carried out worldwide 

on measurements of different forms of atmospheric mercury, but very limited studies 

have been carried out on mercury pollution in India, especially atmospheric mercury. 

However, studies on atmospheric mercury in Delhi are not available to date. Hence, 

in this study, we have aimed to report the temporal and spatial distribution of 

atmospheric HgP at three sites in New Delhi, India. Along with the influence of 

meteorological parameters on temporal and spatial variation of atmospheric HgP, the 

identification of the potential sources of atmospheric HgP at these sites was also 

investigated.  

2. Methodology 

2.1. Site descriptions 

For this study, sampling was carried out at three sites, i.e., Jawaharlal Nehru 

University (JNU), Okhla, and Badarpur in New Delhi, India, as shown in Figure 1. 

These sites differ in air pollution source types, population density, land use 

patterns, traffic density, and number of industrial sites. The major sources of air 

pollutants at these sites are vehicles, thermal power stations, industries, domestic 

burning (biomass), and waste incineration. The brief description of the sampling sites 

is given below. 
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Figure 1. Location of the sampling sites. 

2.1.1. Jawaharlal Nehru University  

The JNU was selected as an urban background site in South Delhi (28°32′ N, 

77°10′ E). The campus has extensive tree cover. There is no major industry located 

nearby or major pollution source within the JNU campus. However, in and around the 

campus, construction activities and vehicular traffic are important sources of air 

pollution. In addition, various residential colonies are situated near the campus, from 

where the air is moving over to JNU, affecting the air quality of the campus. Hence, 

at JNU, most of the atmospheric mercury associated with particulate matter is 

contributed by transport from other areas. 

2.1.2. Okhla 

Okhla was selected as an industrial-cum-residential urban site in Southeast Delhi 

(28°34′8.6″ N, 77°17′11″ E). The site is dominated by industries and heavy traffic. 

The site is congested in terms of roads, high-rise buildings, and other infrastructure. 
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In Okhla, air quality has been influenced by vehicular and industrial activities as well 

as waste incineration. There is an incinerator-based waste-to-energy plant in the 

proximity of the sampling site, which is using municipal waste as fuel and can also 

contribute hazardous pollutants like dioxins and heavy metals to the atmosphere. One 

of Delhi’s landfill sites is also located in Okhla, emitting various pollutants into the 

atmosphere. Sampling was done at a residential site approx. 3 km away from waste-

to-energy incinerator plant. 

2.1.3. Badarpur 

Badarpur was selected as an industrial-cum-residential urban site in South Delhi 

(28°30′14.3″ N, 77°18′6.5″ E). The site is also dominated by industries and heavy 

traffic. One of the coal-based thermal power plants (TPPs) of the National Thermal 

Power Corporation (NTPC), with an installed capacity of 720 MW, was located in this 

locality. It was one of the oldest TPPs that supplied power to Delhi. However, the plant 

which was in operation till recently has been shut down due to the continuously 

deteriorating air quality of Delhi. Sampling was carried out at the residential site near 

Badarpur border approx. 1.5 km away from this plant. Waste dumping and landfill 

sites are also located near the sampling site. 

2.2. Samples collection 

At the JNU site, samples were collected during August–September 2014, 

December 2014–February 2015, and May 2015. At the Okhla site, samples were 

collected during October–November 2014, and August 2015. At Badarpur, samples 

were collected during January–February 2017. Samples collected during March to 

June are termed “summer samples”, samples collected during July–October are termed 

“monsoon samples”, while samples collected during November–February are termed 

“winter samples”. Sample collection was done on the rooftop of a four-story building 

(~20 m height), a one-story building (~5 m height), and the School of Environmental 

Science (SES) building (~20 m height) at Okhla, Badarpur, and JNU campus, 

respectively. Sampling was done on quartz filters (Grade QM-A, Whatman) by using 

a high-volume Respirable Dust Sampler (RDS, AAS 217BL Model, Ecotech) having 

a 10 µm particulate cutoff diameter. The flow rate for sampling was 0.88–1.25 m3 

min−1. The average sampling duration was 24 h to accumulate a sufficient mercury 

amount for quantification. Prior to sampling, the filters were combusted for 1 h at 450 

°C and then equilibrated for 24 h in a desiccator and then weighed. Note down the 

initial weight of the filters. After sampling, the samples were handled, and transported 

to the laboratory by using the same procedure as described by Morton-Bermea [23] 

and Kumari and Kulshrestha [24]. In the laboratory, filters were again equilibrated for 

24 h in the same desiccator and then weighed to note down the final weight of the 

filters [25]. The mass concentration of PM10 collected on each filter was estimated by 

using the initial and final weights of the filter. All the samples were preserved in 

airtight boxes at −18 ℃ (in the freezer of the refrigerator) till analysis. During all the 

above-mentioned steps, particle-free gloves were worn to avoid contamination.  

The losses of Hg from the filters, especially during the summer season, may take 

place during the above-mentioned steps (i.e., sample collection, sample handling, and 

equilibration process). Therefore, the concentrations reported here might be 
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underestimated. But, in order to minimize such artifacts and the relative error in 

sample collection and analysis, precautions were taken and all samples were carefully 

handled in the same way. The field blanks were also analyzed by using the same 

method as used for samples. A total of 28, 28, and 14 samples were collected at JNU, 

Okhla, and Badarpur sites, respectively. However, at Okhla, during winter season, out 

of 13 samples only 10 samples were used for data interpretation due to insufficient 

volume of extracted samples. Therefore, to match the matrix, out of total 28 samples 

only 25 samples were used for final calculations at Okhla. 

2.3. Sample preparation 

For the analysis, one-fourth portion of the filters (PM10 samples) was extracted 

in 50 mL of five percent HNO3 by holding in an ultrasonic water bath for 60 min 

[24,26]. The extracted solution was filtered through nylon syringe filters (pore size 

0.22 μm) and stored in polypropylene bottles (rigorously washed with 5% HNO3 prior 

to use in order to avoid adsorption of metals on these bottles) in a refrigerator (4 ℃) 

until analysis. In order to find out the efficiency of the first extraction, the blank and 3 

samples were extracted again after the first extraction by using the same procedure as 

mentioned above and analyzed. Prior to use, all the sample containers and glassware 

were thoroughly acid-cleaned. 

2.4. Mercury determination 

Mercury measurements were carried out by using a 797 VA Computrace analyzer 

(Version 1.3.2.85, Metrohm, Switzerland) in Differential Pulse Anodic Stripping 

Voltammetry (DPASV) mode. Various researchers have widely used different modes 

of voltammetry techniques for mercury and other heavy metals determination in 

various kinds of environmental samples [24,27–33]. In previous studies, the results 

obtained by the Anodic Stripping Voltammetry (ASV) were compared with different 

analytical methods such as Cold Vapor Atomic Absorption Spectrometry [28], 

Inductively Coupled Plasma-Atomic Emission Spectrometry, and Inductively 

Coupled Plasma-Mass Spectrometry [29] and found to be in good agreement, and 

results were not significantly different. Therefore, Anodic Stripping Voltammetry is a 

reliable, highly sensitive, fast, easy-to-use, and affordable alternative to costly 

analytical techniques [28,29].  

An Ag/AgCl/KCl (3 mol L−1) electrode, glassy carbon electrode, and Gold-

Rotating Disk Electrode (Au-RDE) (2 mm diameter) were used as reference electrode, 

auxiliary electrode, and working electrode, respectively. Before use, the Au-RDE 

working electrode was cleaned and conditioned extensively as described by Metrohm 

[34] and Kumari and Kulshrestha [24]. Certified Reference Materials (CRM) (mercury 

nitrate (Hg(NO3)2) in nitric acid) from the National Institute of Standards and 

Technology were used as stock solution (1000 ppm or mg L−1) from which working 

standards of mercury (10 ppb or μg L−1 and 1 ppm or mg L−1) were prepared. The 

primary or electrolyte solution taken in Voltametric Cell (VC) contained 

Ethylenediaminetetraacetic acid (EDTA) (0.1 molar), perchloric acid (70% ACS), and 

KCl (3 mol L−1).  

In the DPASV technique, the analysis is carried out in two steps, i.e., deposition 
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and stripping steps. In the deposition step, the analyte to be measured gets deposited 

on the Au-RDE working electrode at a constant deposition potential (0.037 V), which 

continues up to a deposition time of 260 s. In the stripping step, the analyte deposited 

on the Au-RDE working electrode is dissolved back into the solution. In the stripping 

step, the potential is scanned (between 300 and 840 mV) at a certain rate (0.02 V s−1), 

and the generated current is measured.  

For Hg analysis, 10 mL of extracted sample, 400 μL of EDTA solution, 100 μL 

of KCl, and 300 μL of perchloric acid were pipetted out into the VC and purged for 

300 s with pure N2 gas in order to remove the dissolved O2 and then, using the above-

mentioned voltammetry parameters, voltammograms were registered. After that, 200 

μL of 1 mg L−1 mercury standard solution was added into the VC, and corresponding 

voltammograms were obtained for the first addition of standard, and then 200 μL of 1 

mg L−1 mercury standard solution was again added into the VC, and corresponding 

voltammograms were obtained for the second addition of standard [24]. The mercury 

concentration was determined by peak height. The 521 mV was the peak potential for 

mercury. The detailed procedure of this method is described elsewhere [24]. For 

preparation of all solutions, ultrapure water (Milli-Q) was used.  

2.5. Trace metal determination 

Mn, Zn, Ni, Fe, Pb, Cd, Co, Cr, Cu, Ca, Na, Mg, and K were also determined in 

the extracted aerosol samples by using an Atomic Absorption Spectrometer (AAS) 

(Thermo Electron Corporation, model M6, USA). Single-element standards of E-

Merck were used for calibration of AAS. Working standards of required 

concentrations were prepared by serial dilution of the stock solution of the higher 

concentration of 1000 ppm by using Milli-Q water. The data precision was observed 

by analyzing the standards at regular intervals during analysis. All the elements 

investigated were determined by using an atomizer with an air/acetylene burner. All 

instrumental settings used during analysis were those recommended in the manual. Co 

was found below detection in all the samples. 

2.6. Statistical analysis 

Statistical analyses were done by using SPSS (version 16), and graphs, wind rose, 

and pollution roses were plotted with the help of Origin (versions 8 and 24). The 

Pearson’s correlation coefficient was done to identify the relationship between 

mercury and weather conditions and trace elements.  

Quality control/quality assurance: Method blanks, field blanks, and reagent 

blanks were frequently analyzed in order to evaluate precision and analytical bias and 

to determine the contribution of reagents to the concentration of mercury obtained for 

the samples. The standard addition method was used for quantitative measurement of 

Hg, and calibration methods were used for trace metal determination. The readings of 

field blank samples were taken into account while calculating the final values of 

samples. CRM of mercury (mercury nitrate (Hg(NO3)2) in nitric acid) from the 

National Institute of Standards and Technology (NIST) was used to check the accuracy 

and precision of analytical determination of mercury. The analytical precision was 

found to be 4.6% for mercury, which was measured by taking the relative standard 
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deviation of triplicate readings of a sample. Extraction efficiency of mercury in the 

first extraction was found to be very high (i.e., 97% to 99%). 

3. Results and discussion 

3.1. Levels of PM10 mercury (HgP) in the atmosphere 

At JNU, the atmospheric HgP levels varied from 0.24 to 1.43 ng m−3 with an 

average of 0.74 ± 0.35 ng m−3 and a median of 0.75 ng m−3 during the whole study 

period. During monsoon, the HgP levels varied from 0.25 to 0.94 ng m−3 with an 

average of 0.54 ± 0.24 ng m−3, and during summer, the HgP levels varied from 0.24 to 

1.18 ng m−3 with an average of 0.77 ± 0.31 ng m−3, while the HgP levels varied from 

0.32 to 1.43 ng m−3 with an average of 0.91 ± 0.37 ng m−3 during the winter season at 

JNU (Table 1).  

Table 1. Statistical summary of atmospheric HgP levels (ng m−3) at JNU, Okhla, and 

Badarpur during different seasons. 

Site  Season Minimum Maximum Median Mean ± SD 

JNU 

Monsoon 2014 (N = 8) 0.25 0.94 0.47 0.54 ± 0.24 

Winter 2014–15 (N = 11) 0.32 1.43 0.98 0.91 ± 0.37 

Summer 2015 (N = 9) 0.24 1.18 0.78 0.77 ± 0.31 

Okhla  
Winter 2014 (N = 13) 0.40 7.36 1.80 2.33 ± 1.94 

Monsoon 2015 (N = 15) 0.19 1.73 0.61 0.79 ± 0.48 

Badarpur Winter 2017 (N = 14) 0.30 4.03 1.99 1.81 ± 0.96 

N: Number of samples; SD: Standard deviation. 

At Okhla, the concentrations of atmospheric HgP varied from 0.19 to 7.36 ng m−3 

with an average of 1.40 ± 1.46 ng m−3 and a median of 0.96 ng m−3 during the whole 

study period. During winter, the HgP levels varied from 0.40 to 7.36 ng m−3 with an 

average of 2.33 ± 1.94 ng m−3, while the HgP levels varied from 0.19 to 1.73 ng m−3 

with an average of 0.79 ± 0.48 ng m−3 during monsoon season at Okhla (Table 1). At 

Badarpur, atmospheric HgP was measured during the winter season only. During the 

winter season, atmospheric HgP levels varied from 0.30 to 4.03 ng m−3 with an average 

of 1.81 ± 0.96 ng m−3 and a median of 1.99 ng m−3 at Badarpur (Table 1), showing 

that the HgP concentration varied over a wide range. 

The average concentration of atmospheric HgP was recorded highest during the 

winter season, followed by summer, and lowest during the monsoon season at JNU. 

However, at JNU, atmospheric HgP concentrations did not show significant seasonal 

variations. The possible reason for lesser seasonal variation of atmospheric HgP at 

JNU could be the absence of significantly active sources of mercury, and therefore, no 

significant accumulation of HgP during seasonal variations in meteorological 

conditions. However, in the absence of significantly active sources of mercury at JNU, 

seasonal variations in meteorological factors, i.e., ambient temperature, precipitation, 

humidity, and wind speed and direction, could have influenced the concentrations of 

HgP [35–38]. 

The approx. concentration of atmospheric HgP at Okhla was higher during the 
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winter season as compared to the monsoon season, indicating higher emissions and 

less dispersion and deposition during winters. However, as compared to JNU, 

atmospheric HgP concentrations had more pronounced seasonality or significant 

seasonal variations at Okhla. The possible sources of HgP at Okhla include industries, 

municipal waste incineration, traffic, residential combustion (biomass burning), etc. 

At Okhla, one of the reasons for high HgP levels during winters could be waste 

incineration, as an incinerator-based waste-to-energy plant was located near the 

residential colony where the sampling was carried out. Incinerators release many 

harmful chemicals into the atmosphere. In the waste incinerator, combustion of Hg-

containing products such as CFLs, fluorescent tubes, thermometers, thermostats, 

batteries, and other products that are discarded in municipal solid waste (MSW) as 

household waste contributes Hg to flue gas and fly ash. In the waste incinerator, Hg 

and its compounds are volatile at combustion temperatures; therefore, most of the Hg 

in the waste feed is vaporized during incineration in the combustion chamber [39,40]. 

Therefore, HgP concentrations at Okhla might have been affected by variations in 

emission intensity of the sources and meteorological factors, i.e., precipitation, 

humidity, wind speed and direction, and temperature, as described in Section 3.5 

[25,35–38,41,42]. 

At Badarpur, atmospheric HgP during the sampling period (i.e., the winter season 

only) varied over a wide range, and the possible sources of atmospheric HgP might be 

industries, traffic, and residential combustion, as well as coal combustion in thermal 

power plant (TPP) as one of the NTPC’s TPP was located near the residential colony 

where sampling was carried out. Up to 8% of the ambient particulate matter pollution 

in Delhi can be attributed to the coal-fired TPPs of capacity 2000 MW operating within 

a 60 km radius from the city’s center [43].  

The possible reasons for higher HgP levels during winters might be favorable 

local meteorological conditions (i.e., decreased mixing heights, temperature inversion, 

and less precipitation, which are prevalent incidences during the winter season) 

resulting in the accumulation of particulate matter in the atmosphere, which could not 

disperse or dilute easily, as well as continuously enhanced emissions from existing 

sources (anthropogenic or natural or both). The higher HgP levels in winters might 

also be due to combustion because particulate matter levels would rise with a rise in 

combustion activity [44,45] and increased particle levels would accordingly possess 

more space to adsorb or trap gas-phase Hg species and thus increase the HgP levels. 

The lower temperature in winters would further enhance adsorption of gas-phase 

mercury on the particulate matter as described in Section 3.5.1. Another reason for 

higher HgP levels during winters might be local, regional, and long-range 

transportation, as suggested in Section 3.5.3. As explained in Section 3.5.3, the 

contribution from local sources or direct emission from the active sources as compared 

to transported HgP was responsible for higher atmospheric HgP at Okhla and 

Badarpur. 

At JNU, the lower HgP levels during summer could be due to enhanced mixing 

heights resulting in dispersion or dilution of particulate matter and desorption of 

mercury from particles to air because of higher temperatures in the summer season, as 

described in Section 3.5.1. During monsoon, the lowest HgP levels at JNU and lower 

levels at Okhla might be due to the scavenging effect (wet deposition) of rain events, 
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as some light to heavy rainfall events were noticed during the monsoon season 

sampling, and lower HgP levels were recorded in samples collected after rainfall 

events.  

3.2. Comparison of atmospheric HgP levels at these sites 

The higher average concentrations of atmospheric HgP were observed during the 

winter season at all the sites. The highest concentration of atmospheric HgP was 

observed at Okhla during winters, then at Badarpur during winters, and then at JNU 

during winters (Figure 2), suggesting the particulate matter build-up in the lower 

atmosphere because of favorable local meteorological conditions at JNU, Okhla, and 

Badarpur, as well as continuously enhanced emissions or release from existing 

sources, especially at Okhla and Badarpur.  

JNU Okhla Badarpur
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Figure 2. Comparison of atmospheric HgP concentrations at JNU (winter, monsoon, 

and summer), Okhla (winter and monsoon), and Badarpur (winter) during different 

seasons. 

The higher concentrations of atmospheric HgP at Okhla and Badarpur were 

recorded possibly because of the dominance of industrial and vehicular activities, as 

well as some site-specific activities at these sites. The lowest concentration of 

atmospheric HgP was observed at JNU during monsoon. The higher concentration of 

atmospheric HgP at Okhla even during monsoon as compared to JNU during summer 

and monsoon indicates significantly active sources of mercury at Okhla. Therefore, 

significant differences in atmospheric HgP levels at all these sites may be attributed to 

differences in types of sources and their emission intensity, meteorological 

parameters, and month of the year in which sampling was carried out.  

3.3. Comparisons with other worldwide studies  

Comparison of the present study with worldwide studies was done as shown in 

Table 2. On average, atmospheric HgP concentrations at JNU, Okhla, and Badarpur 

were very low in comparison to other studies reported from India, which were carried 

out in the middle of the industrial belts, having very high-intensity multiple sources of 

mercury such as integrated steel plants, thermometer manufacturing industries, 

metallurgical units, fertilizer factories, caustic soda factories, chloralkali plants, TPPs, 
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etc. At those sites, the average HgP concentrations were approx. 20 to 2000 times 

higher as compared to average HgP concentrations at our sampling sites (Table 2). 

The global comparison shows that the HgP levels at JNU, Okhla, and Badarpur were 

significantly higher than most cities in Europe and North America, and were approx. 

comparable to the values reported from most of the sites in Asia. But, it should be 

noted that in the present study, the HgP levels were measured in PM10, while in most 

of the other studies, HgP levels were measured in PM2.5, except few sites. These 

differences observed in HgP levels might be due to different sampling site 

characteristics, emission strength of sources, and the size of the collected particles.  

Table 2. Comparison of atmospheric HgP at JNU, Okhla, and Badarpur and other studies around the world. 

Location Site type Period  Cutoff size HgP (pg m−3) Reference 

JNU, Delhi, India  Urban August 2014–May 2015  PM10  0.74 ± 0.35*  Present study  

Okhla, Delhi, India  Urban October 2014–August 2015  PM10  1.40 ± 1.46*  Present study  

Badarpur, Delhi, India  Urban January–February 2017  PM10  1.81 ± 0.96*a  Present study  

Mahasar, India  Rural  December 2014–June 2015  PM10  756.7 ± 436.3  [24] 

Tuticorin, India Industrial - PM10  20 ± 10*  [20] 

Bhilai, India Industrial March 2005–February 2006 PM10 2.27-24.37** [21] 

Tamil Nadu, India Industrial  - PM10 580 ± 760* [46] 

Kathmandu, Nepal Suburban April 2013–April 2014 TSP 850.5 ± 926.8  [42] 

Lumbini, Nepal Urban April 2013–July 2014 TSP 99.7 ± 92.6 [47] 

Shanghai, China Urban July 2004–May 2007 TSP 560 ± 220 [48] 

Beijing, China Urban January 2003–October 2004 TSP 1180 ± 820 [49] 

Nyingchi, China  Rural March 2019–September 2019 PM2.5  9.3 ± 5.9 [50] 

Hefei, China Suburban February–May 2009 TSP 320 ± 100 [51] 

Jinan, China Suburban  June 2014–December 2015  PM2.5  508.5 ± 402.7  [25] 

Xiamen, China Coastal  March 2012–February 2013  PM2.5  174.4 ± 280.6  [52]  

Lhasa, China Urban August 2016–February 2017 PM2.5  54.5 ± 119.5 [53] 

Nanjing, China  Urban June 2011–February 2012  PM10 1100 ± 570  [54] 

Huaniao Island, China  Island  March 2012–January 2013  TSP 230 ± 150 [55] 

Lhasa, China Urban April 2013–August 2014  TSP 224 ± 139 [41] 

Seoul, Korea Urban February 2005–February 2006  PM2.5 23.9 ± 19.6 [56] 

Seoul, Korea Urban December 2009–July 2010 TSP 6.8 ± 6.5 [57] 

Seoul, Korea Urban 2007–2008 TSP 65.4 ± 47.8 [58] 

Seoul, Korea Urban 2006–2009 PM2.5 13.4 ± 12.0 [59] 

Chuncheon, Korea Rural 2006–2009 PM2.5 3.7 ± 5.7 [59] 

Tokyo, Japan Urban April 2000–March 2001 PM10 98 ± 51 [36] 

Cape Hedo, Japan Remote March–May 2004  PM2.5 3.0 ± 2.5 [60] 

Zabrze, Poland  Urban  October 2006–April 2007  PM2.5 100.4  [61]  

Zabrze, Poland  Urban  January–December 2013 TSP 65.5 ± 53.7 [62] 

Zabrze, Poland Urban January–December 2013 PM10 63.6 ± 53.0 [62] 

Lichwin, Poland  Suburban August 2003  TSP 110 ± 50 [63]  

Lichwin, Poland  Suburban January–February 2004 TSP 1050 ± 180  [63] 
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Table 2. (Continued). 

Location Site type Period Cutoff size HgP (pg m−3) Reference 

Göteborg, Sweden Urban February 2005 PM2.5 12.5 ± 5.88 [64] 

Waldhof, Germany Rural 2009–2011 PM2.5 6.3 [65] 

Novembera Scotia, Canada  Urban  January 2010–December 2011  PM2.5 2.3 ± 3.1  [66]  

Toronto, Canada  Urban December 2003–November 2004  PM2.5 21.5 ± 16.4  [67]  

Mexico City  Urban March 2006  PM2.5 187 ± 300  [68] 

Mississippi, USA  Urban July 2011–June 2012  PM2.5 4.58 ± 3.40  [69]  

Chicago, USA Urban July–November 2007  PM2.5 9 ± 20  [70]  

Detroit, USA  Urban January–December 2003  PM2.5 20.8 ± 30.0  [71] 

Thompson Farm, USA Coastal February 2009–August 2010  PM2.5 0.19–1.14 [72]  

East St Louis, USA  Urban October–December 2002  PM2.5 483 ± 1954  [73]  

Rochester, USA  Suburban December 2007–November 2009  PM2.5 8.7 ± 12.8  [74]  

São Paulo State, Brazil  Urban 2002–2003 TSP 400 ± 300  [75]  

Kodaikanal, India Remote January 2015–December 2016 - 1.53*b [76] 

Chennai, India  Urban  January 2015–December 2016  - 4.68*b [76] 

Kanpur, India  Urban January 2007–January 2008 PM10 776.4 ± 845.5 [77] 

* ngm−3; ** gm−3; a Winter season only; b Total Gaseous Mercury (TGM). 

3.4. HgP to PM10 mass ratio (HgP/PM10) and correlation between HgP 

and PM10 

At JNU, the HgP/PM10 ratio varied from 1.24 to 7.28 µg g−1 with an average of 

4.48 ± 1.71 µg g−1 (Table 3). At Okhla, the HgP/PM10 ratio varied from 0.84 to 10.87 

µg g−1 with an average of 5.11 ± 3.01 µg g−1, while at Badarpur, it varied from 1.07 to 

9.04 µg g−1 with an average of 6.3 ± 2.48 µg g−1 (Table 3).  

Table 3. Statistical summary of atmospheric HgP to PM10 mass ratio (HgP/PM10) 

(g g−1) at JNU, Okhla, and Badarpur. 

Sites Minimum Maximum Median Mean ± SD 

JNU 1.24 7.28 4.32 4.48 ± 1.71 

Okhla 0.84 10.87 4.08 5.11 ± 3.01 

Badarpur 1.07 9.04 5.36 6.30 ± 2.48 

In Indian coal, Hg content varies from 0.18 to 0.61 µg g−1. According to Koshle 

et al. [78], average Hg content in soil ranged from 3.59 to 16.58 µg g−1 at various 

locations near an integrated steel plant in Bhilai, but these sites were highly polluted 

with Hg. A study by Supriti et al. [79] found mercury concentrations in soil around a 

coal-fired thermal power plant in India less than or similar to those observed in India 

or other parts of the world (2.4–40.2 µg/kg). Another study by Bhave et al. [80] 

reported total mercury (THg) concentrations in topsoil samples in the range of 64.60–

2189.30 μg kg−1 and 3.88–1209.93 μg kg−1 at two municipal solid waste dumping sites 

in Mumbai, India. The information on Hg content in soil and atmospheric HgP levels 

at Delhi, as well as HgP to PM10 ratios in India, is not available. However, average 

values of HgP to PM10 ratios were significantly high at these sites as compared to the 
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values observed at other cities abroad, such as 1.4 µg g−1 in Beijing [15], 0.18 µg g−1 

in Seoul [57], and 2.59 µg g−1 in Kathmandu [42]. The higher Hg mass content in PM10 

indicated significant enrichment of mercury on PM10, and therefore suggested its 

contribution most likely came from anthropogenic sources. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. (a) Regression plots between HgP and PM10; (b) HgP and temperature; (c) HgP and relative humidity;(d) HgP 

and wind speed at JNU, Okhla, and Badarpur (N: Number of samples). 
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The regression analysis, as well as Pearson’s correlation analysis between HgP 

and PM10, was also attempted at all these sites. Figure 3a shows a regression plot 

between HgP and PM10 at JNU, Okhla, and Badarpur. The Pearson’s correlation 

coefficient between HgP concentration and PM10 at JNU, Okhla, and Badarpur are 

given in Table 4. 

Table 4. Pearson’s correlation coefficient between HgP concentration and 

meteorological factors at JNU, Okhla, and Badarpur. 

 HgP Temperature Humidity Wind speed PM10 

JNU      

HgP 1     

Temperature −0.50** 1    

Humidity 0.39* −0.67** 1   

Wind Speed 0.38* −0.40* 0.14 1  

PM10 0.58** −0.70** 0.52** 0.28 1 

Okhla      

HgP 1     

Temperature −0.58** 1    

Humidity −0.46* 0.66** 1   

Wind Speed −0.26 0.23 −0.23 1  

PM10 0.71** −0.77** −0.68** −0.08 1 

Badarpur      

HgP 1     

Temperature −0.57* 1    

Humidity 0.59* −0.29 1   

Wind Speed −0.27 −0.02 0 1  

PM10 0.28 0.15 0.01 −0.12 1 

** Correlation is significant at the 0.01 level (2-tailed). 

* Correlation is significant at the 0.05 level (2-tailed). 

The Pearson’s correlation (Table 4) between PM10 and HgP concentration 

indicated that HgP and PM10 were significantly positively correlated at JNU (r2 = 

0.403, P < 0.001), Okhla (r2 = 0.498, P < 0.001), and Badarpur (r2 = 0.311, P < 0.05). 

It is illustrated in the regression plot (Figure 3a) too. The statistically significant 

positive correlation between PM10 and HgP suggested that PM10 and HgP had been 

contributed either from the same or similar sources or GEM or gaseous Hg2+ got 

adsorbed onto existing particulate matter in the same air mass prior to their (air masses) 

arriving at these sampling sites [10]. Hence, in Delhi, the higher HgP levels were 

mainly influenced by an increase in both the HgP/PM10 ratio and PM10 simultaneously.  

3.5. Influence of meteorological parameters on atmospheric HgP levels 

The previous studies have suggested that the temporal and spatial variation of 

HgP levels could be influenced by variation in emission intensity of sources and 

meteorological factors, i.e., humidity, rainfall, wind speed and direction, solar 

radiation, and temperature [25,35–38,41,42]. As shown in Figure 2, there were clear 
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and noticeable temporal and spatial variations in HgP levels at Delhi, with higher HgP 

levels during the winter season (highest at Okhla) and lower HgP levels during the 

summer season and lowest HgP levels during the monsoon season (lowest at JNU). 

As explained in Sections 3.1 and 3.2, the study sites (JNU, Okhla, and Badarpur) have 

some site-specific activities that are responsible for variations in HgP concentrations. 

Therefore, we can conclude that variations of HgP levels were influenced by HgP 

emissions intensity of anthropogenic sources and meteorological factors. To find out 

the influence of meteorological parameters on atmospheric HgP level, the relationship 

between atmospheric HgP level and meteorological factors, i.e., relative humidity, 

wind speed and direction, temperature, and precipitation, was examined, and the 

Pearson’s correlation coefficient and regression plot between HgP level and 

meteorological factors were calculated at JNU, Okhla, and Badarpur, as shown in 

Table 4 and Figure 3, respectively. 

3.5.1. Influence of temperature on atmospheric HgP levels 

The photochemical conversion and gas-particle phase partition coefficient of Hg 

species play a significant role in the formation of particulate mercury (HgP) in the 

atmosphere [48,81,82]. The HgP comprises gaseous elemental Hg and gaseous Hg2+ 

which are adsorbed onto the particle surface. The gas-particle phase partitioning of 

mercury species is highly influenced by temperature, and hence, the adsorption of 

gaseous elemental Mercury and gaseous Hg2+ onto the particle surface is more 

efficient at low temperatures, because with a decrease in temperature, the partitioning 

coefficient increases [38,82].  

The Pearson correlation coefficient (Table 4) between temperature and HgP 

levels showed a significantly negative correlation at JNU (r2 = 0.254, P < 0.01), Okhla 

(r2 = 0.335, P < 0.01), and Badarpur (r2 = 0.371, P < 0.05). It is illustrated in the 

regression plot (Figure 3b) too. As a result, during the winter season, the lower air 

temperature contributed to elevated HgP levels due to a higher partitioning coefficient 

and, hence, more mercury in the particulate phase. The significant negative correlation 

between HgP and temperature showed that the Hg adsorption onto the particles surface 

was the main process for HgP formation at these sites.  

In addition, during wintertime, particulate matter accumulation, because of 

decreased planetary boundary layer height and increased particulate matter emission 

because of enhanced combustion activities for space heating, provided more space for 

Hg species adsorption onto particles as well as increased oxidation reactions of GEM 

to produce more HgP, while the possible explanation for lower concentrations of Hg 

in the particulate phase during summer was the liberation of volatile mercury adsorbed 

onto particles due to the decrease of the partitioning coefficient at higher atmospheric 

temperatures.  

3.5.2. Influence of relative humidity and precipitation on atmospheric HgP 

levels 

In the atmosphere, gaseous Hg2+ and semi-volatile organic compounds behave 

similarly, and their partitioning onto aerosols is greatly influenced by relative 

humidity, and they have effective partitioning onto aerosols at high relative humidity 

[82,83]. In the atmosphere, water droplets or liquid water are likely to form at higher 

relative humidity. Several studies demonstrated that the aqueous or heterogeneous 
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reactions in water droplets or liquid water accelerated the transformation of mercury, 

while the weak acidic environment in liquid droplets facilitated the reactions between 

gaseous Hg and ions such as SO4
2−, SO3

2−, Cl−, S2−, HS−, and H2O2 [48,84,85]. Subir 

et al. [86] also reviewed that GEM was not likely to react with OH or O3 in the gas 

phase because of the low reaction constant, but GEM could be transformed to oxidized 

Hg by rapid oxidation reactions in the aqueous phase. These studies or reviews pointed 

to the HgP formation pathway through adsorption of gaseous Hg onto particle surfaces 

followed by aqueous phase oxidation reactions in droplets at high relative humidity 

[85]. 

The Pearson correlation coefficient (Table 4) between HgP level and relative 

humidity showed a significantly positive correlation at JNU (r2 = 0.151, P < 0.05) and 

Badarpur (r2 = 0.343, P < 0.05), and a significantly negative correlation with relative 

humidity at Okhla (r2 = 0.213, P < 0.05). It is illustrated in the regression plot (Figure 

3c) too. At JNU and Badarpur, high relative humidity was observed during wintertime 

sampling, mainly due to very dense fog and static weather conditions, which 

contributed to HgP accumulation in the atmosphere, mainly due to adsorption of 

gaseous Hg onto particle surfaces followed by aqueous phase oxidation reactions in 

fog or liquid droplets [48,87]. At Okhla, monsoon time sampling was carried out 

during peak rainy season that observed high relative humidity which led to wet 

deposition or scavenging of HgP through precipitation, and therefore, lower HgP 

concentrations. While wintertime sampling was carried out in October and November, 

high HgP concentrations were observed during this period. The low relative humidity 

as well as clear weather and no foggy conditions were observed during this period; 

therefore, a negative correlation between HgP and relative humidity was observed at 

Okhla.  

Total suspended particulate matter is most efficiently removed from the 

atmosphere by precipitation or wet scavenging [88]. Precipitation controls the 

scavenging rate of HgP and plays a significant role in HgP removal from the 

atmosphere by processes of wet scavenging or precipitation [10]. Previous studies 

have also reported a dramatic decrease in the concentrations of HgP after every heavy 

precipitation event and during monsoon season [48,54,57]. We have also found lower 

HgP concentrations after precipitation events at both the sites (JNU and Okhla) during 

monsoon seasons, and higher HgP concentrations without precipitation during 

monsoon and dry seasons. At Okhla, sampling of the monsoon season was carried out 

during peak monsoon, which had high relative humidity, and therefore, frequent and 

high amounts of precipitation were observed, which led to washout of HgP and hence 

lower HgP concentrations, while at JNU, during monsoon sampling, low humidity and 

therefore less precipitation were observed. Therefore, the precipitation significantly 

affected atmospheric HgP concentrations at JNU and Okhla. Since frequent and high 

amounts of precipitation mainly happened at higher relative humidity during monsoon, 

therefore, frequent and higher precipitation amounts were also a factor that contributed 

to lower HgP concentrations during monsoon at Okhla [42]. These findings were also 

reinforced by a significant negative relationship between relative humidity and HgP at 

Okhla. Therefore, we can conclude that atmospheric HgP was affected greatly by 

weather, time of sampling, and source emission intensity. 
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3.5.3. Influence of wind speed and wind direction on atmospheric HgP levels 

In the atmosphere, wind direction and speed play an important role in the dilution 

and dispersion of air pollutants and their transport from sources to receptors. The 

higher wind speed dilutes or disperses air pollutants, while calm wind restricts the 

dilution or dispersion of air pollutants, leading to accumulation and stagnation of air 

pollutants. In Delhi, especially in the winter season, lower wind speed combined with 

lower temperature causes temperature inversion conditions, which in turn leads to the 

accumulation of atmospheric pollutants and deteriorates the air quality.  

The Pearson correlation coefficient (Table 4) between HgP levels and wind speed 

showed a significantly positive correlation at JNU (r2 = 0.143, P < 0.05), and a 

negative correlation with wind speed at Okhla (r2 = 0.067, P = 0.21) and Badarpur (r2 

= 0.075, P = 0.37), but the correlation was not significant at Okhla and Badarpur. It is 

illustrated in the regression plot (Figure 3d) too. At JNU, the significantly positive 

correlation between wind speed and HgP levels showed a strong influence of wind 

speed on HgP. Since active sources of Hg were not present in JNU, the significantly 

positive correlation between wind speed and HgP levels showed that, as compared to 

the sources inside the JNU, HgP was predominantly transported from other regions 

via local, regional, and trans-boundary atmospheric transport.  

At Okhla and Badarpur, the insignificant correlation between wind speed and 

HgP levels showed that HgP was not affected much by wind speed, and emissions 

from anthropogenic sources contributed more to atmospheric HgP. But still, negative 

correlation showed that higher wind speed led to dispersion and horizontal dilution of 

atmospheric HgP even after continuous emission from sources, and hence lower HgP, 

while lower wind speed led to accumulation and less dispersion, and hence higher 

HgP. Therefore, the negative correlation between wind speed and HgP levels showed 

that high HgP episodes were observed at relatively low wind speeds, and hence 

suggested that HgP was predominantly contributed by local emissions from 

anthropogenic sources. Therefore, at both locations, Okhla and Badarpur, HgP was 

predominantly contributed by direct emissions from sources as compared to regional 

transport. 

The wind rose and HgP pollution rose at sampling sites (JNU, Okhla, and 

Badarpur) during the study period is given in Figure 4. The wind rose shows the 

variation of wind speed and wind direction, while the pollution rose shows the 

variation of HgP concentration with respect to wind speed and wind direction at JNU, 

Okhla, and Badarpur during the study period.  

As shown in Figure 4, the prevailing wind direction was W-NW-E at JNU, which 

accounted for 78% of the whole study period. Generally, the wind speed was high at 

JNU; 56% was between 8 and 44 km h−1. At JNU, the HgP concentration was always 

high when the wind speed was high, irrespective of the wind direction. The highest 

HgP levels were reported when the wind came from the east-south-east direction. This 

shows that the high wind speed contributed to elevated HgP concentration in JNU 

irrespective of the wind direction. Therefore, analysis of wind rose and pollution rose 

and significant positive correlation between wind speed and HgP levels confirmed 

that, at JNU, HgP was predominantly transported from other regions via local, 

regional, and trans-boundary atmospheric transport. The prevalent wind direction was 
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W-NW at Okhla and Badarpur, which accounted for 74% and 77%, respectively, of 

the whole study period. Generally, the wind speed was low; 89% at Okhla and 54% at 

Badarpur were under 8 km h−1. 

 

 

 

Figure 4. Wind rose and HgP pollution rose at JNU, Okhla, and Badarpur. 

As shown in Figure 4, at Okhla, the higher HgP levels at lower wind speed were 
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reported when wind was arriving from the northwest direction. But higher HgP levels 

at higher wind speeds and lower levels at lower wind speeds were also reported when 

the wind was arriving from the west direction. It is notable that at Okhla, the HgP 

concentrations were evidently higher under lower as well as higher wind speeds when 

the wind was arriving from the northwest and west directions. The highest HgP 

concentration was reported when the wind came from the west direction. This result 

indicates that the emissions from nearby sources located very close to the sampling 

site in the west and northwest directions may be the major contributors to atmospheric 

HgP at Okhla. The air masses arriving at Okhla from the west and northwest directions 

were loaded with higher HgP concentrations emitted by the waste incinerator and other 

industrial activities along the way and brought higher HgP concentrations to the 

sampling site.  

As shown in Figure 4, it is notable that at Badarpur, the HgP concentrations were 

evidently higher under lower as well as higher wind speeds when the wind was arriving 

from the northwest and west directions. The highest HgP concentration was reported 

when the wind arrived from the northwest direction. These results showed that the 

wind blowing from the west and northwest directions always contributed to elevated 

HgP concentrations at the Badarpur site irrespective of the wind speed. This also 

indicated that the emissions from nearby sources located very close to the sampling 

site in the west and northwest directions might be the major contributors to 

atmospheric HgP at the Badarpur site. The air masses arriving at Badarpur from the 

west, east, and northwest directions were loaded with higher HgP concentrations 

emitted by the landfill site, waste incinerator, and other industrial activities along the 

way and brought higher HgP concentrations to the sampling site. Also, it may be due 

to winds blowing from the Delhi city area, which is situated in these directions.  

Therefore, analysis of pollution rose and wind rose, and an insignificant negative 

correlation between HgP levels and wind speed reconfirmed that HgP at Okhla and 

Badarpur was predominantly contributed through nearby local sources, located in the 

northwest and west directions. At Okhla, the main concern is the waste incinerator 

plant adjacent to the site in the northwest direction, while at Badarpur, the main 

concerns are the industries adjacent to the site. As listed in Figure 1, a thermal power 

plant in the east-northeast, and a waste dumping landfill site in the northwest direction 

are located very close to the Badarpur site, and a waste incinerator plant was also 

located in the north-northwest direction, but not very close to the site; however, in the 

west, there were no evident large point sources, and yet there were higher HgP 

concentrations, which could be contributed by regional transport too. As our sampling 

sites are located in the urban area, therefore, emissions from traffic, small industrial 

units, and local residential sources cannot be ignored. In summary, emissions from the 

coal-fired thermal power plant, traffic, small residential units, waste dumping and 

landfill, and waste incinerator plants could be the dominant local sources of HgP at 

these sites, apart from distant sources.  

4. Seasonal variation of other trace elements and HgP in ambient 

air and their sources 

Along with HgP, other elements such as Pb, Ni, Zn, Cd, Cr, Fe, Mn, Cr, Cu, Ca, 
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Mg, K, and Na were also analyzed to find out the possible sources of HgP and its 

relationship with these elements, as well as to establish the connection of airborne 

PM10 with different sources. The statistical description of concentrations of trace 

elements in PM10 aerosols at JNU, Okhla, and Badarpur during their respective study 

periods is given in Table 5. Pearson’s correlation coefficient between HgP and other 

elements at JNU is given in Table 6, and Pearson’s correlation coefficient between 

HgP and other elements at Okhla and Badarpur is given in Table 7. 

Table 5. Statistical summary for concentrations of other elements in PM10 aerosols at JNU, Okhla, and Badarpur.  

 Winter   Monsoon    Summer   

Elements Min Max Mean ± SD Min Max Mean ± SD Min Max Mean ± SD 

JNU 

HgP (ng/m3) 

 

0.32 

 

1.43 

 

0.91 ± 0.37 

 

0.25 

 

0.94 

 

0.53 ± 0.24 

 

0.24 

 

1.18 

 

0.71 ± 0.31 

Cu (ng/m3) 16.9 92.16 41.16 ± 26.7 6.84 38.02 19.07 ± 11.26 25.9 118.8 54.96 ± 31.9 

Ni (ng/m3) 1.92 13.04 6.30 ± 4.16 2.59 11.90 5.03 ± 2.95 3.81 20.09 9.44 ± 5.24 

Cr (ng/m3) 19.3 37.27 31.95 ± 6.61 6.04 84.52 33.21 ± 31.38 17.6 93.68 41.41 ± 23.6 

Cd (ng/m3) 1.65 42.84 9.87 ± 11.8 <DL 1.34 0.28 ± 0.49 0.05 16.60 3.66 ± 5.16 

Pb (µg/m3) 0.14 0.71 0.51 ± 0.20 0.02 0.91 0.27 ± 0.31 0.12 0.36 0.22 ± 0.08 

Mn (µg/m3) 0.04 0.47 0.15 ± 0.14 0.02 0.06 0.04 ± 0.02 0.05 0.22 0.11 ± 0.06 

Fe (µg/m3) 0.28 0.50 0.37 ± 0.08 0.15 0.33 0.25 ± 0.08 0.31 2.09 0.95 ± 0.49 

Zn (µg/m3) 0.22 0.43 0.30 ± 0.08 0.09 0.32 0.16 ± 0.09 0.11 0.97 0.43 ± 0.28 

Ca (µg/m3) 0.33 2.00 0.91 ± 0.62 0.75 2.28 1.24 ± 0.53 0.13 3.11 1.58 ± 1.00 

Na (µg/m3) 0.26 0.92 0.50 ± 0.20 0.27 0.77 0.59 ± 0.18 0.22 0.75 0.49 ± 0.21 

Mg (µg/m3) 2.3* 0.09 0.04 ± 0.03 0.03 0.66 0.15 ± 0.21 0.08 0.47 0.23 ± 0.14 

K (µg/m3) 1.59 3.77 2.41 ± 0.70 0.33 0.72 0.58 ± 0.15 0.74 4.10 2.49 ± 1.28 

Okhla 

HgP (ng/m3) 

 

0.40 

 

7.36 

 

2.33 ± 1.94 

 

0.19 

 

1.73 

 

0.79 ± 0.48 
   

Cu (ng/m3) 33.9 191.5 100.8 ± 45.4 16.2 106.9 37.7 ± 25.1    

Ni (ng/m3) 5.69 23.41 15.6 ± 6.62 3.39 11.33 5.88 ± 2.22    

Cr (ng/m3) 3.80 66.84 39.4 ± 25.0 9.51 41.40 18.5 ± 7.63    

Cd (ng/m3) 1.74 23.24 8.55 ± 5.74 0.00 26.66 3.61 ± 6.94    

Pb (µg/m3) 0.16 0.87 0.47 ± 0.23 0.03 0.19 0.09 ± 0.05    

Mn (µg/m3) 0.05 0.19 0.12 ± 0.05 0.06 0.38 0.15 ± 0.08    

Fe (µg/m3) 0.60 1.59 0.94 ± 0.33 0.20 0.88 0.54 ± 0.23    

Zn (µg/m3) 0.16 0.87 0.56 ± 0.25 0.08 0.50 0.23 ± 0.13    

Ca (µg/m3) 3.30 8.52 5.62 ± 1.69 0.50 2.70 1.27 ± 0.71    

Na (µg/m3) 0.61 2.17 1.34 ± 0.51 0.20 1.82 0.74 ± 0.57    

Mg (µg/m3) 0.05 0.20 0.12 ± 0.05 0.01 0.08 0.04 ± 0.03    

K (µg/m3) 1.91 8.13 5.06 ± 1.92 0.64 1.38 0.90 ± 0.21    
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Table 5. (Continued). 

 Winter   Monsoon    Summer   

Elements Min Max Mean ± SD Min Max Mean ± SD Min Max Mean ± SD 

Badarpur 

HgP (ng/m3) 

 

0.30 

 

4.03 

 

1.81 ± 0.96 
      

Cu (ng/m3) 37.43 88.16 60.95 ± 17.19       

Ni (ng/m3) 4.77 13.28 9.13 ± 2.90       

Cr (ng/m3) 56.78 146.66 95.64 ± 26.63       

Cd (ng/m3) 3.29 44.37 10.88 ± 10.90       

Pb (µg/m3) 0.14 0.59 0.28 ± 0.12       

Mn (µg/m3) 0.06 0.14 0.10 ± 0.03       

Fe (µg/m3) 0.35 1.14 0.70 ± 0.24       

Zn (µg/m3) 0.25 1.05 0.64 ± 0.22       

Ca (µg/m3) 4.06 9.33 6.21 ± 1.61       

Na (µg/m3) 0.55 1.38 0.94 ± 0.28       

Mg (µg/m3) 0.09 0.34 0.22 ± 0.10       

K (µg/m3) 0.28 4.07 2.84 ± 1.03       

DL = Detection limit. 

* ng/m3. 

Table 6. Pearson’s correlation coefficient between HgP concentration and other elements at JNU. 

 HgP Pb Cu Mn Fe Ni Zn Cr Cd Mg Na K Ca 

JNU 

Winter 

HgP 

 

 

1 

            

Pb 0.67* 1            

Cu 0.12 0.30 1           

Mn 0.37 0.46 −0.02 1          

Fe −0.04 0.16 0.69* 0.14 1         

Ni 0.07 0.36 0.89** 0.17 0.61* 1        

Zn 0.11 0.39 0.94** 0.26 0.69* 0.94** 1       

Cr 0.05 −0.27 0.16 −0.60* 0.27 −0.08 −0.05 1      

Cd −0.1 0.31 0.84** −0.05 0.62* 0.75** 0.80** 0.16 1     

Mg −0.50 −0.67* 0.43 −0.60 0.22 0.22 0.25 0.39 0.33 1    

Na 0.03 0.17 0.81** −0.36 0.29 0.68* 0.67* 0.38 0.78** 0.48 1   

K 0.00 −0.03 0.90** −0.23 0.62* 0.78** 0.79** 0.31 0.60 0.65* 0.73* 1  

Ca −0.37 −0.51 0.52 −0.49 0.35 0.31 0.33 0.34 0.55 0.90** 0.51 0.63* 1 

JNU 

Monsoon 
             

HgP 1             

Pb −0.48 1            

Cu 0.22 0.21 1           

Mn 0.08 −0.22 0.37 1          

Fe −0.18 0.05 0.52 0.88** 1         

Ni 0.63 −0.04 0.60 0.61 0.46 1        
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Table 6. (Continued). 

 HgP Pb Cu Mn Fe Ni Zn Cr Cd Mg Na K Ca 

JNU 

Monsoon 
             

Zn 0.18 −0.08 0.48 0.60 0.41 0.38 1       

Cr 0.34 −0.36 0.22 0.77* 0.41 0.61 0.74* 1      

Cd 0.14 0.12 0.29 0.06 0.02 −0.01 0.73* 0.15 1     

Mg 0.63 −0.20 0.43 0.60 0.42 0.96** 0.18 0.58 −0.26 1    

Na 0.76* −0.36 −0.22 −0.23 −0.38 0.34 −0.35 −0.11 −0.13 0.43 1   

K −0.24 0.59 0.65 0.52 0.77* 0.39 0.41 0.08 0.36 0.21 −0.37 1  

Ca −0.45 0.39 −0.01 0.05 0.44 −0.18 −0.39 −0.57 −0.11 −0.17 −0.06 0.56 1 

JNU  

Summer 
             

HgP 1             

Pb −0.16 1            

Cu 0.53 0.44 1           

Mn 0.66 0.28 0.44 1          

Fe 0.57 0.30 0.43 0.76* 1         

Ni 0.65 0.49 0.71* 0.85** 0.90** 1        

Zn 0.37 0.10 0.75* 0.43 0.29 0.47 1       

Cr 0.59 −0.03 0.36 0.32 0.72* 0.59 −0.03 1      

Cd 0.14 0.30 0.77* 0.02 −0.23 0.16 0.66 −0.21 1     

Mg 0.59 0.31 0.36 0.98** 0.74* 0.81** 0.42 0.21 −0.04 1    

Na 0.38 0.35 0.20 0.80** 0.78* 0.72* 0.35 0.16 −0.2 0.90** 1   

K 0.26 0.55 0.41 0.73* 0.53 0.67* 0.52 −0.13 0.21 0.81** 0.85** 1  

Ca 0.28 0.35 0.23 0.83** 0.48 0.57 0.49 −0.19 0.03 0.90** 0.83** 0.82** 1 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

Table 7. Pearson’s correlation coefficient between HgP concentration and other elements at Okhla and Badarpur. 

 HgP Pb Cu Mn Fe Ni Zn Cr Cd Mg Na K Ca 

Okhla 

Winter 

HgP 

 

 

1 

            

Pb 0.10 1            

Cu −0.07 0.60 1           

Mn −0.10 0.51 0.49 1          

Fe −0.18 0.47 0.44 0.97** 1         

Ni −0.2 0.53 0.65* 0.89** 0.82** 1        

Zn −0.21 0.43 0.71* 0.86** 0.82** 0.91** 1       

Cr −0.13 0.20 0.18 0.78** 0.75* 0.62 0.73* 1      

Cd 0.05 0.49 0.80** 0.07 0.06 0.32 0.28 −0.34 1     

Mg −0.1 0.52 0.38 0.98** 0.94** 0.81** 0.76* 0.78** −0.06 1    

Na 0.02 0.64* 0.51 0.97** 0.89** 0.88** 0.78** 0.69* 0.11 0.97** 1   

K 0.15 0.74* 0.69* 0.88** 0.78** 0.84** 0.79** 0.61 0.30 0.86** 0.95** 1  
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Table 7. (Continued). 

 HgP Pb Cu Mn Fe Ni Zn Cr Cd Mg Na K Ca 

Okhla 

Winter 

HgP 

 

 

1 

            

Ca −0.11 0.73* 0.65* 0.83** 0.75* 0.72* 0.69* 0.49 0.29 0.84** 0.88** 0.90** 1 

Okhla 

Monsoon 

HgP 

 

 

1 

            

Pb 0.3 1            

Cu −0.24 0.72** 1           

Mn −0.02 −0.01 −0.31 1          

Fe −0.26 0.14 0.47 −0.45 1         

Ni −0.4 0.46 0.73** −0.44 0.31 1        

Zn 0.16 0.85** 0.65** −0.21 0.07 0.63* 1       

Cr 0.44 0.54* 0.10 −0.17 −0.09 0.06 0.46 1      

Cd −0.10 0.71** 0.90** −0.18 0.17 0.61* 0.56* 0.2 1     

Mg −0.27 −0.07 0.38 −0.40 0.86** 0.21 −0.13 −0.41 0.17 1    

Na −0.25 −0.27 0.13 −0.33 0.73** 0.05 −0.27 −0.48 −0.09 0.91** 1   

K 0.27 0.54* 0.52* −0.49 0.69** 0.19 0.40 0.40 0.36 0.49 0.26 1  

Ca −0.14 0.07 0.35 −0.23 0.54* 0.18 0.11 −0.43 0.21 0.81** 0.76** 0.36 1 

Badarpur 

Winter 

HgP 

 

 

1 

            

Pb 0.66* 1            

Cu 0.17 0.70** 1           

Mn 0.08 0.64* 0.87** 1          

Fe 0.30 0.80** 0.82** 0.90** 1         

Ni 0.12 0.68* 0.67* 0.55 0.68* 1        

Zn 0.31 0.55 0.47 0.50 0.46 0.52 1       

Cr 0.24 −0.06 −0.39 −0.28 −0.19 −0.51 0.02 1      

Cd 0.15 −0.01 −0.14 0.11 0.12 −0.48 0.05 0.71** 1     

Mg −0.04 0.37 0.42 0.36 0.55 0.86** 0.32 −0.43 −0.39 1    

Na 0.18 0.54 0.44 0.51 0.64* 0.86** 0.56* −0.41 −0.32 0.87** 1   

K 0.04 −0.12 −0.15 −0.04 0.01 0.19 −0.05 −0.38 −0.14 0.51 0.44 1  

Ca 0.38 0.70** 0.51 0.60* 0.72** 0.79** 0.59* −0.26 −0.13 0.73** 0.93** 0.34 1 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

At JNU, the highest average values of Mg, Ca, and K in summers, and higher 

average values of Ca and Mg in monsoons, suggested a greater influence of crustal 

contributions resulting from heavy dust storms, a common phenomenon during these 

seasons [89], which suggested some loading of HgP to the atmosphere along with the 

crustal components. The average values of HgP and crustal components suggest less 

crustal and more anthropogenic contribution to HgP during winters, which was also 

supported by the correlation study, as shown in Table 6. The highest average values 
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of Na during monsoon season indicated its contribution from crustal as well as sea 

salts/marine aerosols [90], which suggested a higher influence of marine aerosols on 

HgP, which was also supported by a significant positive correlation of Na with HgP 

in monsoon season, as shown in Table 6. The higher concentration of K during 

summer and winter shows a greater influence of biomass burning, as K is broadly 

known as a tracer of biomass burning emissions [91], and therefore, burning of 

biomass also contributed to atmospheric HgP [92], especially in winter and summer 

samples. The highest concentration of HgP, Pb, Mn, and Cd during the winter season 

indicates industrial as well as vehicular contribution of these metals [93,94]. The lower 

concentrations of atmospheric HgP and these metals during monsoon could be due to 

the scavenging effect of rain events. The highest concentration of Ni, Zn, Cu, Fe, Cr, 

Ca, Mg, and K during summer indicates their contribution through re-suspension of 

soil and road dust through wind and vehicles [95]. 

At JNU, during the winter season, a significant to moderate positive correlation 

of Cu, Fe, Ni, Zn, Cr, and Cd with each other, and with other metals such as Ca, Mg, 

K, and Na (Table 6) suggested both crustal and anthropogenic contributions of PM10 

aerosols, most possibly through re-suspension of soil/road dust mixed with previously 

emitted metals from vehicles in the form of exhaust and brake wear, and emissions 

from industries [88,96]. The negative correlation of HgP, Pb, and Mn with crustal 

elements suggested that these were not contributed by crustal components, while the 

stronger positive correlation between HgP and Pb, and the moderate positive 

correlation between HgP and Mn, suggested their common sources, most probably 

from industries or anthropogenic sources. 

At JNU, during the summer season, the stronger positive correlation of Ca, Mg, 

K, and Na with each other, and the slightly to stronger positive correlation of these 

crustal elements with other elements except Cr and Cd (Table 6), suggested the 

contribution of PM10 aerosols from both crustal and anthropogenic sources [88,96]. 

The slightly positive correlation of HgP with Ca, K, Na, Zn, and Cd, and the moderate 

positive correlation of HgP with Cu, Mn, Fe, Ni, Cr, and Mg, observed during the 

summer season, suggested the contribution of atmospheric HgP from both crustal and 

anthropogenic sources. 

At JNU, during the monsoon season, crustal elements were not significantly 

correlated with each other, as well as most of the other elements (Table 6). There was 

a slightly positive correlation between Ca and K and between Mg and Na only. This 

suggested less crustal contribution to PM10 aerosols, most probably due to washout of 

particulate matter, as well as crustal elements through wet scavenging during rain 

events. The correlations between other elements were also not significant except for a 

few such as HgP with Na, Mn with Fe and Cr, Fe with K, Ni with Mg, and Zn with Cr 

and Cd. A strong positive correlation of HgP with Na observed during the monsoon 

season suggested a higher influence of marine aerosols [90].  

At Okhla, the average values of other elements in the atmosphere had more 

pronounced seasonality. The average values of all the elements except Mn were 

highest during the winter season at Okhla. The average value of atmospheric HgP was 

the lowest as compared to other elements during both seasons. However, the highest 

concentrations of HgP and other elements except Mn during winter, suggested a higher 

influence of emissions from industrial, vehicular, and anthropogenic sources 



Progress in Environmental Chemistry 2025, 1(1), 62.  

24 

[93,94,96], and less dispersion due to the lowering of atmospheric boundary layer 

height during winters. Another possible reason for high concentrations of HgP and 

other elements during winters might be the MSW and medical waste incineration [94], 

as an incinerator-based waste-to-energy plant was located near the residential colony 

where the sampling was carried out. The exhaust gases coming from the waste 

incineration plant may contain many potentially toxic and harmful heavy metals along 

with other pollutants [94]. The lower concentrations of all these elements, during 

monsoon, could be due to the scavenging effect of rain events (wet deposition), as 

some light to heavy rainfall events were observed during monsoon sampling.  

At Okhla, the HgP was not correlated with other elements during the winter 

season (Table 7). Therefore, no inferences could be concluded by the correlation study 

for the sources of mercury during the winter season. Hence, mercury might have been 

contributed by unique independent sources, most probably the dumping of Hg-

containing discarded items like CFLs, fluorescent tubes, thermometers, thermostats, 

batteries, and other products in the MSW dumping and landfill site, as well as the 

incineration of Hg-containing MSW and medical waste in incinerator plants [94], 

which are located nearby the sampling site. During the monsoon season, there was no 

strong correlation between HgP and other elements; only a slight to moderate positive 

correlation of HgP with Pb and Cr was observed, suggesting the influence of 

anthropogenic sources. The negative correlation of HgP with Ca, Na, and Mg shows 

that HgP was not contributed by crustal components during the monsoon season.  

At Badarpur, the concentrations of other elements were measured during the 

winter season only. When the mean values of other elements at Badarpur were 

compared to the mean values of other elements at Okhla and JNU, the highest mean 

values of Zn, Cr, Cd, and Ca, and the second-highest mean values of HgP, Cu, Mg, 

and K were observed at Badarpur, suggesting both anthropogenic and natural sources 

contributed to the atmospheric particulate matter at Badarpur. One of the NTPC’s TPP 

was located near the residential colony where sampling was carried out. Metals are 

present in the coal as a natural contaminant. During the coal combustion process in 

coal-fired TPPs, trace metals in coal are released into the atmosphere. At Badarpur, 

the significant positive correlation of HgP with Pb, and the slightly positive correlation 

of HgP with Fe, Zn, and Ca (Table 7) were observed during the winter season, 

suggesting the contribution of atmospheric HgP from both crustal and anthropogenic 

sources. Also, HgP emissions from MSW dumping and landfill sites, as well as MSW 

and medical waste incineration [94], cannot be ruled out because these sources were 

not very far from the sampling site.  

 

 

 

 

 



Progress in Environmental Chemistry 2025, 1(1), 62.  

25 

5. Air trajectory analysis 

 

 

 

Figure 5. Representative air trajectories reaching at the JNU, Okhla, and Badarpur sites. 

To understand the probable local/distant sources, the origin of the air parcel was 

backtracked using the National Oceanic and Atmospheric Administration (NOAA) 

HYSPLIT model with an input of GDAS Meteorological Data at an atmospheric 

height of 500 m above mean sea level [97,98]. Five-day air mass backward trajectories 

were calculated for each sampling day at all sampling sites; the representative 

trajectories at each site are given in Figure 5. Backward trajectories from HYSPLIT 

showed that the HgP and other elements were derived from regional air masses and 

marine and local anthropogenic emission sources. During monsoon season, there are 
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two sources of origin of air masses coming to the Indian subcontinent. One type of air 

mass originates from the Indian Ocean and then travels a long way from the Arabian 

Sea and western parts of India; the other type of air mass originates from the Indian 

Ocean and then travels a long way from the Bay of Bengal and eastern parts of India. 

At JNU, during monsoon, most of the air masses originated from the Arabian Sea and 

retained their marine characteristics, which was reflected by the significant positive 

correlation between Na and HgP (Table 6), and the highest average concentration of 

Na during monsoon as compared to winter and summer seasons (Table 5). At Okhla, 

during monsoon, most of the air masses originated from the Bay of Bengal and carried 

anthropogenic emissions while traveling a long way from the eastern parts of India 

and lost their marine identity, which was reflected by the negative correlation between 

Na and HgP (Table 7), and lower average concentration of Na during monsoon as 

compared to the winter season (Table 5). During the winter season at all three sites 

and during the summer season at JNU, most of the time inland-originated air masses 

travelled to the sampling sites, and they carried pollution from local anthropogenic 

sources, as already explained in the previous sections. Interestingly, even though the 

distance between these sites is not huge, air masses are traveling to the sampling sites 

from two majorly different directions during monsoon season. 

6. Conclusion 

This study presents the first-ever measurements of particulate mercury (HgP) 

concentration at three sites in Delhi, i.e., JNU, Okhla, and Badarpur. The average 

concentrations of HgP were 0.74 ± 0.35 ng m−3, 1.40 ± 1.46 ng m−3, and 1.81 ± 0.96 

ng m−3 at JNU, Okhla, and Badarpur, respectively, during their respective study 

periods. The average concentrations of HgP were observed to be higher during the 

winters as compared to summer and monsoon seasons at all the sites because of the 

influence of variations in the intensity of direct Hg emissions from anthropogenic 

point sources, gas-particle partition of mercury species, as well as other influencing 

meteorological factors, i.e., humidity, precipitation, wind speed and directions, and 

ambient temperature. The wind and pollution studies showed that the sampling sites 

were affected by local, regional, and transboundary pollution sources, with JNU 

having more influence from regional and transboundary pollution sources, while 

Okhla and Badarpur had more influence from local sources. Trajectory analysis 

showed that air masses traveling to the JNU site from the Arabian Sea during monsoon 

season retained their marine characteristics, which was also supported by the 

correlation study. While air masses traveling to Okhla from the Bay of Bengal during 

monsoon lost their marine characteristics, which was also supported by the correlation 

study. The global comparison shows that the HgP levels in Delhi were significantly 

higher than most cities in Europe and North America, and were approximately 

comparable to the values reported from most sites in Asia, and were less compared to 

the values reported from other studies in India. The harmful effects of Hg on human 

health are widely discussed in the literature. However, it is difficult to assess the 

harmfulness of these levels of HgP, because there is no standard value available as a 

National Ambient Air Quality Standard (NAAQS). Therefore, it could be appropriate 

to include Hg in NAAQS, so that regular monitoring of Hg, like other criteria 
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pollutants, can be carried out. This study serves as an important baseline for HgP levels 

in Delhi, and will also serve as an important reference for future assessment of HgP 

pollution in Delhi. Anthropogenic HgP in the capital city of India still needs further 

long-term monitoring programs because of growing urbanization and 

industrialization. 
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