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Abstract

Mercury release by coal combustion has been significantly increased in India. Mercury
content in coal has been analyzed to 0.272 ppm by Central Pollution Control Board.
Toxicological effects of elemental Hg (Hg0) exposure include respiratory and renal fail-
ures, cardiac arrest, and cerebral oedema, while subclinical exposure may induce5

kidney, behavioral, and cognitive dysfunctions. The present work is focused on dis-
persion pattern and inter-phase exchange phenomena of ambient mercury between
air-particulate matter evaluations of alongwith dominance of various major routes of
human exposure-dose response using regression analysis around an integrated steel
plant in central India. Source-downwind type stratified random sampling plan using10

longitudinal study design has been adopted for ambient monitoring of total mercury,
while representative sampling plant has been adopted for persona exposure-dose re-
sponse study In space-time framework. Control sites and subjects have been chosen
from uncontaminated area (100 km away from any industrial activities). 06 ambient air
monitoring stations and 17 subjects from workers, non-workers but local residents’ cat-15

egories and from controlled sites have been chosen for the study. Samples of mercury
biomarkers (blood, breast milk and urine) have also been collected from same sub-
jects in each month during sampling period. The sampling period was March 2005 to
February 2006 . Samples of 30% acidified KMnO4 for air-Hg absorption, PM10, RPM
and biological samples were analyzed for total mercury by ICP-AES using standard20

methods. Local soils and ground water were also monitored for total mercury content
during the sampling period. Results have shown that mercury concentration is very
high compared to prescribed limits in all receptors. Results of exchange phenomenon
have shown the higher transfer of mercury from air to particulate during combustion in
steel plant environment due to presence of huge amount of iron particles, in contrast25

to results obtained in other industrial locations earlier. Plant workers have shown 1.5
to 2.5 times higher personal RPM-Hg levels compared to Category 2 and 20–30 times
higher than Category 3. All biomarkers have shown higher Hg presence compared to
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prescribed standards. Regression analysis between exposure routes and bio-receptors
has been investigated. Dominance status of selected routes of bio-accumulation has
been varied from category to category.

1 Introduction

Mercury has been recognized for decades as a persistent and bio-accumulative toxic5

substance in the environment (Sharma, 2002; Saleh et al., 2003; Srivastava, 2003).
The investigation of mercury behaviour is a field of particular concern due to its wide
distribution in the different environmental compartments (Pirrone et al., 1996, 2001a,
2003; Pacyna et al., 2001). Highly resolved spatial and temporal distributions of
mercury emissions to the atmosphere from natural and anthropogenic sources are10

needed in global mass balance models, transport and deposition models, for relat-
ing mesoscale variations in mercury concentrations in both gas and particulate phase
with regional and global circulation patterns, and in assessing the long-term ecological
and health impacts on different environmental compartments (Cinnirella and Pirrone
2006; Pirrone et al., 1996, 2001a, 2003; Pacyna et al., 2001). The ratio between the15

relative contributions of natural and anthropogenic source categories may vary with
region and time of the year. On global scale the contribution from industrial sources
ranges between 1660 and 2200 t yr−1 (Pirrone et al., 1996; Pacyna et al., 2001a, 2003),
whereas emissions from natural sources (i.e., volatilization from water surfaces, volca-
noes, re-emissions from topsoil and vegetation) may represent the major contribution20

(up to 60% of the total) to the global atmospheric mercury budget (Pirrone et al., 1996,
2001a). It has been observed that the use of the amount of mercury mobilized and
released into the atmosphere has increased compared to pre-industrial levels. Schus-
ter et al. (2002) also reported a 20-fold increase in atmospheric Hg deposition since
pre-industrial times and that 70% of total Hg input was of anthropogenic origin in the25

last century. The processes involved in dynamics of atmospheric mercury on local, re-
gional and global scale are atmospheric emissions, transport, wet and dry deposition,

887

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/885/2010/acpd-10-885-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/885/2010/acpd-10-885-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 885–923, 2010

Spatiotemporal
variation of

atmospheric mercury

S. Pervez et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

and gaseous mercury exchange at the various air-receptor (-water, -soil, -vegetation)
interfaces (Mason et al., 1994; Pacyna and Keeller, 1995).

1.1 Steel sector contribution in mercury emissions

Asian countries contribute about 56% to the global emissions of mercury to the atmo-
sphere with major emphasis on emission from stationary combustion sources including5

iron and steel production, thermal power plant and cement industries (Pacyna and Pa-
cyna, 2002). Steel industries are known as one of the major consumer of coal, which
is the chief source of mercury (Volkovic, 1983; Airey, 1997). The integrated steel plants
which composed of coke ovens, blast Furness and steel smelters are known for higher
emissions of mercury with emission factor of 0.04 g per tonne of steel production in10

Asian countries (Borderieux et al.,2004; Pacyna and Pacyna, 2002; Pacyna, 1996;
Themelis and Gregory, 2002). Around 31 Mg of mercury per year are released to the
environment and no major changes in the mercury emissions have been observed for
this steel sector during the 1990’s and beginning of 2000’s. Asia (14.4 Mg y−1) and
Europe (12.5 Mg y−1) are the most contributing regions to the global mercury budget15

from steel industries (Pacyna et al., 2006; Pirrone et al., 2001a). It has been reported
that gaseous mercury has occupied major fraction of the anthropogenic part of the
environmental mercury compared to inorganic and particulate mercury, while iron par-
ticles have been report to be best adsorbent of mercury vapor at high temperature
(Borderieux et al., 2004; Pacyna and Pacyna, 2002). Mukherjee et al. (2008a) have20

reported that annual mercury emission from iron and steel industries in India has been
increased by a factor of 1.25 between yr 2000 and yr 2004. It has also been reported
that fraction of total mercury emission from India by steel industries was also increased
from 1.2% to 1.8% within this period.
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1.2 Mercury release in steel making

In the 21st century, crude steel production in India has increased from 26.9 Tg in 2000
to 44.0 Tg in 2006. Steel is manufactured mainly by integrated steel manufacturing
processes using the chemical reduction of iron ore, and conversion of iron from the
blast furnace in a basic oxygen furnace (BOF). Steel can also be produced by melting5

steel scrap (e.g. from shredded cars) in an electric arc furnace (EAF). Coke, necessary
in the iron and steel industry, is obtained by coking in ovens at 1000 ◦C or more. Here,
Hg from coal is passed into the gas and other products of solid, liquid and gaseous
by-product phases of the coking process. Coal consumption for the production of iron
and steel in India accounts for about 13% of the total consumption i.e. 48.5 Tg in 2004.10

The emission factor calculated for Hg emission is 0.08 g Mg−1 crude steel which is
quite realistic (Mukherjee et al., 2008b). It should be stated here that coke still contains
a small amount of Hg. Hence some Hg will pass into the atmosphere also from the
sintering plant, blast furnace and steel production. Our emission factors are higher
than the emission factors calculated by other authors. The simple reason for this is that15

the quality of coal in India is quite poor due to a high ash content (30–40%-wt). For this
reason, more coal is needed per Mg of steel production than in the USA or in Europe
(Pirrone and Mason, 2008).

1.3 Need of exposure-dose response study

Personal respirable fine particulates (RPM) have shown significant potential to major20

pathways of atmospheric pollutants in human exposure assessment around industrial
areas (Gadkari and Pervez, 2007). The human exposure routes of mercury has been
found as: inhalation, consumption of water, consumption of fish, beef, cow’s milk, poul-
try, chicken eggs, pork, lamb, green plants and ingestion of soil (Warner et al., 2008;
Pirrone and Kathryn, 2005; Roser Marti-Cid, 2008). It has been established that per-25

sonal level represents the close relationship with human accumulation and epidemiol-
ogy pattern of any region compared to other classified atmospheric receptors (USEPA,
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2008). Most of the air-particulate mercury (Hg(g) and Hg(p)) has been quantified at
ambient level and a strong variation in correlation of chemical character of particu-
late matter (PM) between ambient and personal levels has been reported (Meng et
al., 2007; Sarnat et al., 2006). Longitudinal and pooled correlations between personal
exposure and ambient or outdoor particulate matter (PM) concentrations varied con-5

siderably between study and study subjects. Most of studies that reported longitudinal
correlation coefficients range from <0 to 0.1, were indicating that an individual’s daily
activities pattern and residence type may have a significant effect on total personal
exposure to PM. General population studies tend to show lower correlations because
of the higher variation in the levels of PM generating activities (Adgate et al., 2007;10

Pellizzari et al., 2001; Rojas-Bracho et al., 2000; Linn et al., 1999).

1.4 Human accumulation status

Mercury is considered as a toxic trace element to humans, animals, and the ecosystem
because of its unique geochemical characteristics (Drasch et al., 2004; Li et al., 2006).
Risk of mercury-associated adverse health effects are neuropsychological deficits in15

children and woman after in utero methylmercury (MeHg) exposure (Kathryn et al.,
2009). Blood Hg (BHg), Breastmilk-Hg (BM-Hg), urine-Hg and hair Hg concentrations
are indicators of the magnitude of MeHg exposure (Adimado and Baah, 2002; Shri-
vastava, 2003). Mercury presence in human biomarkers and resulting health effects
has been reported earlier (Kales and Goldman, 2002; WHO, 2003). Bio intake of mer-20

cury using hair-Hg as human biomarker has been estimated tobe 6.780 µg day−1 in
Changchun city, Northeast China (Li et al., 2006). The association between elevated
blood pressure and blood cadmium and mercury levels was examined (2001–2002)
in 185 Saudi women. Blood mercury concentrations for hypertensives and controls
were 3.506±3.617 µg L−1 and 3.687±3.186 µg L−1, respectively (Al-Saleh et al., 2006).25

Blood-Hg was also determined in 61 male and 40 female volunteers resident in Tehran
(Iran) and found tobe 8.48±4.42 µg L−1 (Farzin et al., 2008). 24 high school teachers
from nine schools of Ohio were studied for mercury exposure through air and accumu-
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lation in voided urine samples. The median Hg concentration in 12 chemistry teachers
was 4.6 µg g−1 creatinine (range 2.2–8.2 µg g−1 creatinine) and it was 6.3 µg g−1 crea-
tinine in the 12 non-chemistry teachers. All classroom air samples contained mercury
levels below detection limits (Crump et al., 1996). Breastfeeding for nursing infants, can
be a potential source of exposure to toxic chemicals to which the mother has previously5

been exposed (Solomon and Weiss, 2002; Gundacker et al., 2002).
The work being presented here is focused on spatiotemporal variation of total atmo-

spheric mercury alongwith its enrichment in personal particulates and human accumu-
lation around an integrated steel plant in central India.

2 Materials and methods10

2.1 Study design

Reports of significant release of mercury in the surrounding environment by high tem-
perature processes (about 1000 ◦C to 1250 ◦C) involved in major coal-fired industries
(integrated steel plant) have put forward the need to evaluate spatial distribution pat-
tern, seasonal variability and transportation routes of ambient mercury to personal level15

and human accumulation around the steel industrial location. The goal of the study
is to assess spatiotemporal distribution pattern of atmospheric mercury and possible
routes of human accumulation of environmental mercury in the vicinities of integrated
steel plant with specific objectives are: 1) to evaluate spatiotemporal variation of am-
bient mercury around selected industrial unit, 2) to assess exchange phenomena of20

mercury at air-particulate inter-phase, 3) enrichment of ambient mercury in personal
respirable fine particulates (RPM) and 4) evaluation of relative dominance of identified
routes of mercury in human biomarkers. Fourth objective has been chosen due to two
reasons: 1) previous reports of variation in correlation of classified atmospheric lev-
els with human accumulation of air pollutants (USEPA 2008) and, 2) significant impact25

of secondary environmental receptors (soils and ground water) of anthropogenic mer-
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cury on human accumulation has been reported. Dietary habits and activity pattern of
inhabitants are also the important factor in accumulation status of mercury.

2.2 Sampling plan

The spatial dimension covers the geographic scale and pattern of aerosols. Based
on consideration of emissions, meteorology, and political boundaries, the spatial di-5

mension can be broken into global, national, regional-synoptic, meso, urban, and local
scales (USEPA, 1996). To achieve the objectives of the study around selected industrial
units, a source-downwind receptor based longitudinal stratified random sampling plan
for ambient monitoring and longitudinal representative sampling plan for personal par-
ticulates and human accumulation study programs (Gilbert, 1987) has been conducted10

around an integrated steel plant, Bhilai, District Durg, Chhattisgarh. Bhilai steel plant
was located at global scale of Latitude-21◦11′0′′ and Longitude-81◦23′6′′ E. 3.41 Tg of
total saleable steel have been produced in Bhilai steel plant during 2002–2006. A total
mass of approximate 1.317 Tg of solid raw material is handled during the production of
one Tg of steel. Raw material used in the production of one Mg of steel includes hot15

metal (930.2 kg), cold pig iron (2.2 kg), scrap iron (34.1 kg), scrap steel (174.2 kg), iron
ore (29.5 kg), mill scale (2.2 kg), limestone (51.4 kg), lime (13.7 kg), fluorspar (0.02 kg),
bauxite (0.1 kg), raw dolomite chips (34.9 kg), burnt dolomite (19.1 kg), magnesite
(8.2 kg), ferrosilicon (2.3 kg), ferromanganese (13.8 kg), aluminium palettes (0.26 kg),
iongot mould (21.7 kg), bottom stool (8.4 kg), and charing boxes (0.577 kg). About20

1.41 Tg of coal were consumed during the yr 2002–2006 for producing 3.41 Tg of steel
(BSP, 2008).

Previously reported meteorological records (wind direction, wind velocity, relative
humidity and average rainfall), layout map, development plan, population density and
human activity pattern of the study area has been utilized for the identification of sam-25

pling sites. Description of sampling sites around integrated steel plant has been pre-
sented in Table 1 alongwith location map and wind rose diagram (Figs. 1–2). Samples
of gaseous mercury (Air-Hg) and PM10 for its mercury content (PM10-Hg) have been
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collected using two respirable dusts samplers (RDS) (Envirotech Model APM 410), In-
stalled at a height of approximately 4–5 m from ground level. A 24-h sampling (8-hourly
basis) has been conducted with an average air flow rate of 1.1 m3/min. A total of 30
sampling session (24-hourly) have been conducted. Out of that 10 in each of three
seasons (summer, post-rainy and winter) has been completed at each site throughout5

the sampling year (March 2005–February 2006). Glassfiber microfilter sheets have
been used for PM10 sampling. Air samples have been collected in 30 mL 10% acidified
KMnO4 solution, placed in three impingers connected in series. The trapping efficiency
was reported to be better than 95% (Hacon et al., 1995; Lu and Schroeder, 1999).
Pre-weighed and calibrated glassfiber microfilter sheets (Whatman make) (GFF) (size10

8′′×10′′) for ambient monitoring has been used. The GFF were low resistance to air-
flow, a low affinity for moisture and 98% collection efficiency for particles of 0.5 micron
or large size. The GFF were dried in an oven at 105–110 ◦C for two hours and then
equilibrated in conditioned environment (desiccators) for about three to five hours and
then taken the weight of GFF to nearest milligram. All the samples of Ambient PM1015

and gaseous mercury were transported and preserved in the laboratory as per laid
down protocol (Envirotech, 2000; Katz, 1977).

Personal exposure to respirable particulate matter (RPM) (size less than 5 micron)
has been monitored using integrated personal exposure monitoring protocol. For the
purpose of personal sampling, a representative sampling plan using longitudinal study20

design has been adopted. 100 subjects were identified on the basis of their direct
or indirect relation with steel plant using a questionnaire, which include their gender,
age, occupation, and health status, dietary habits and time-activity pattern. After for-
mal consent of subjects for participation in the study, 17 subjects have been grouped
in three categories: 1) subjects who are the plant workers and residing in plant town-25

ship, 2) subjects who are non-plant workers but residing in township and 3) subjects
who are non-plant workers and residing in uncontaminated area (Subjects of control
site) (100 km approx. away upwind from any industrial activity) (USEPA, 2003; Gilbert,
1987). All subjects were belonging to non-vegetarian category and consumer of fresh
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water fishes like carp fishes (Labeo rohita, Katla) frequently. Amalgam filling case has
not been reported in any subject. Details of subject selection and their personal RPM
levels have been presented in Table 4. Similar subjects have given consent to partici-
pate in biological sampling of blood, urine and breast milk.

Two personal samplers with attached cyclonic assembly (particle cut off size:5

5 micron and less) (Envirotech, Model APM 801) with an average flow rate of
1.0 L min−1 have been used for measurements of personal RPM. In case of 24-h in-
tegrated personal exposure sampling, each subject was monitored for 24 h in a 48 h
sampling session. 8-10 sampling sessions have been completed on each subject
throughout the sampling period (Gilbert, 1987; Envirotech, 2000; USEPA, 2002, 2008).10

Glass fiber microfilter sheets (GFF) (size: dia-37 mm) (Whatman Make) have been
used for the collection of RPM. Most of earlier studies conducted with objective of
personal exposure assessment were focused on exposure-dose response pattern. It
has been decided to perform preliminary observations about accumulation status of
mercury in selected human biomarkers viz blood, urine and breast milk of selected15

subjects for exposure study. Samples of biological fluids (blood, urine and breast milk)
have been collected with the help of pathologists working at local health center as per
medical protocol of sampling. 10 mL of blood samples of subjects have been collected
using disposable syringes (Dispovan Make) and transferred to 25 mL glass bottles.
Urine samples (25 mL approximately) have been collected in morning (blank stomach)20

and in afternoon (after lunch). Both urine samples were mixed together to avoid varia-
tion in daily urine-Hg concentration. 20 mL of breast milk samples of feeding mothers
have also been collected with the help of suction pump provided by health centers.
All samples were stored at temperature of 4 ◦C (Adimado and Baah, 2002). About 6–
8 sampling sessions (monthly/bimonthly) of biological fluids have been conducted on25

each subject throughout the sampling period of ambient air.
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2.3 Sample preparation and analysis

Four circles (one inch diameters) were punched out from each of three exposed GFFs
of 24-h sampling for ambient PM10 and complete GFFs of personal RPM were taken in
the Teflon digestion bombs, separately, followed by the addition of 10 mL acid mixture of
H2O2:HNO3 at ratio of 1:3 and placed in an oven at 180 ◦C for six hours (Richard, 1970;5

Envirotech, 2000; Lu and Schroeder, 1999). Samples of blood, urine and breast milk
have been digested using standard reported protocol (Adimado and Baah, 2002; Saleh
et al., 2003; Walcher, 1963). The digested samples of ambient PM10, personal RPM,
Air-Hg (30 mL of 10% acidified KMnO4), and human biological fluids were subjected to
chemical analysis using ICP-AES (JOBIN–YVON HORIBA Ultima 2, ICP Spectrometer10

Version 3.0) with a lower detection limit of 1.0 µg L−1. An Argon gas with ionization
energy of 15.6 eV has been used as plasma. Mercury analysis has been carried out at
a wavelength of 194.227 nm to avoid interferences. Calibration of the instrument has
been done using mercury chloride (AR, Merck) of concentration range 0.001–0.1 ppm
(Montaser and Golightly, 1987). 4–5 measurements have been done in each sample15

to maintain relative standard deviation within 5%.

2.4 Data analysis and documentation

Data of mercury measured at ambient and personal levels have been summarized as
mean±standard deviation of longitudinal measurements and presented alongwith other
statistical parameters (spatial variability, correlation coefficient of RPM-Hg with ambient20

Hg) in Table 2, Table 4 and Fig. 3. Exchange phenomena and correlation studies of
mercury data between air-particle inter-phases has been assessed using regression
analysis (USEPA, 2003). It has been reported that intercept values of regression anal-
ysis have shown clear agreement with concentration of specific pollutant generated in
dependent environmental receptors itself with respect to independent receptors and25

slope values have shown removal of pollution concentration from dependent receptors
(Geller et al., 2002; Gadkari and Pervez, 2006). Regression analysis has been con-
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ducted between PM10 and PM10-Hg alongwith Air-Hg and PM10-Hg. Spatial variability
has been calculated using statistical tools (Roosli, 2000). Results have been presented
in Fig. 4.

Temporal variability is another important factor in characterizing the dispersion pat-
tern of mercury in time scale. Most of the temporal studies conducted earlier were5

based on time scale: hourly, daily, seasonal and yearly (USEPA, 2008). In most of
the reported studies, seasonality is coupled with spatial variability for air pollution dis-
persion assessment. Measurements of air pollutants in identified and defined periods
have been documented in the form of statistical graphs in most of previous studies
for assessment of temporal variation (Fitz-Simons et al., 2000). The study design has10

been planned using defined criteria of assessment of temporal variation of air pollution
around single source in regional scale. The specified criteria has edict the requisition of
measurements of atleast 15 days in each calendar quarter of either a three year or two
year period at two or three monitoring sites (Rizzo and Pinto, 2001). Monitoring of am-
bient mercury in multiple sites around stationary industrial sources has been decided15

on account of assessment of temporal variation in more than two yearly monitoring
programs. Previous monitoring programs of yr 1996 and 2000 have been selected
alongwith present study for assessment of temporal variation. Data of ambient PM10-
Hg has been utilized for assessment of temporal variation due to lack of Air-Hg data
during previous sampling programs.20

Data of all selected monitoring programs have been presented in statistical box plot
graphs (Fig. 5). A non-parametric statistical test has been applied to compare means
of selected programs due to non-Gaussian distribution of environmental data. Kruskall-
Wallis test has been applied for more than two monitoring programs (Helsel and Hirsch,
1992). Kruskal-Wallis test (KW) tests the hypothesis of homogeneity i.e. if there are sig-25

nificant differences in the space or in time. It is the robust test for multiple comparisons
when the sample sizes are unequal. All tests were performed at the 5% significance
level. These tests give chi-square approximation at high satisfactory level (Conover,
1999). Results have been presented in Table 3.
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Mercury data of human biomarkers have been presented in Fig. 6. Inter-correlations
of Hg data between selected human biomarkers have been presented in Table 5. Re-
gression analysis between selected exposure routes (ambient-Hg, personal RPM-Hg,
ground water-Hg and soil-Hg) with mercury levels of human biomarkers has been con-
ducted to assess contribution estimates of bio-mercury through selected environmental5

routes. The results have been presented in Table 6.

3 Results and discussion

Discernible reception pattern of mercury in air-particulate matrices of ambient level
around integrated steel plant has been observed from the outcome of data analysis.
The observed pattern is might be due to processes involved in different units of steel10

plant (coke ovens, steel melting shops, blast furnace). Meteorological parameters,
other local/temporary sources of mercury emissions and presence of catalytic metal
particles in air media were played important role in enrichment of mercury at personal
RPM levels. Multi-complexity in types of source contribution is resulting in variation of
dominating routes of mercury accumulation in human biomarkers around such indus-15

trial units. On the basis of objectives, results are explained below.

3.1 Statistical inferences of ambient mercury levels

Significantly higher concentration (annual geometric mean) of ambient PM10 and its
Hg content alongwith Air-Hg levels has been observed and exceeding the prescribed
limits of PM10 (60 µg m3), PM10-Hg (0.003 µg m−3) and Air-Hg (0.012 µg m−3) proposed20

by Central Pollution Control Board of India (CPCB) (Table 2 and Fig. 3) (CPCB, 2008).
PM10 levels have been evaluated to be 2.9–11 times higher than prescribed standards
for PM10. Annual average of Air-Hg levels have shown significantly lower trend com-
pared to PM10-Hg levels across all sites (range in terms of air-Hg/PM10-Hg ratio: 0.03–
0.07). This pattern of occurrence is contrast to previous reported ambient Hg levels25
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monitored in various urban areas (Pacyna and Pacyna, 2002). Role of metal oxides
especially Fe2O3 has shown strong absorption capacity for vapour-Hg/elemental-Hg by
converting it to inorganic mercury ions. Conversion is enhanced in presence of other
catalytic metal oxides in presence of nitrogen oxides (Borderieux, 2004). Prevailing
wind sites (Site Numbers 1 and 5) have shown similar pattern of deviation from an-5

nual mean data of PM10. Higher values of PM10 at Site No. 5 compared to Site No. 1
are due to fact that percentage of prevailing wind from the plant was more favorable
to Site No. 5 compared to Site No. 1 It has also been evaluated that deviation in the
annual measurements of PM10 at prevailing wind sites is 2.1–2.3 times less than that
obtained at other sites. Site No. 3 and 4 located across the wind direction have shown10

higher levels of PM10 due to their close proximity (2 km away from the plant premises)
and station of other local sources of dust emissions (Highway, municipal waste burning
etc.).

All sampling sites have shown higher levels of Air- and PM10-Hg compared to pro-
posed standards by CPCB (Fig. 3). Different pattern of deviation from annual mean15

data of Air-Hg has been observed across the sites. Site No. 1, 4 and 6 have shown
lower trend of deviation from mean data compared to other sites. High standard devi-
ation from mean value of Air-Hg at Site No. 5 has explained the possibility of another
potential source of mercury at this place. Site No. 1 and 2 has shown more than 100%
deviation from mean data of PM10-Hg, while other sites have shown lower trend of20

deviation pattern. In case of Site No. 1, both Air-Hg and PM10-Hg has shown similar
pattern of variation throughout the sampling period, which indicate the possibility of
single source of origin. It is different in case of another prevailing wind site (Site No. 5)
where 50th percentile is inversely projected from mean in box plot statistical graph.
Outliers for PM10-Hg have been projected close to the 95th percentile levels across all25

sites except Site No. 5, while it was away from 95th percentile of Air-Hg in case of
Site No. 4 where multiplicity of sources of Hg emission has been observed. Statistical
mean of PM10-Hg has been projected below 50th percentile, while it was projected at
higher side for Air-Hg in both prevailing sites (1 and 5).
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3.2 Exchange phenomena of ambient mercury in air-particulate inter-phases

Regression analysis between PM10 and PM10-Hg alongwith PM10-Hg and Air-Hg has
been presented in Fig. 4. Intercept values of regression analysis has explained the
contribution of independent variable to dependent variable (Geller et al., 2002). Due to
previous reports of air as principal ambient receptor of mercury emitted from industrial5

combustion processes (Carpi, 1997), Air-Hg is taken as independent variable in regres-
sion between Air-Hg and PM10-Hg. It has been clearly observed in Site No. 1(prevailing
wind site) that Air-Hg has not contributed to PM10-Hg due to negative intercept value
and justify the particulate mercury is generated during combustion process in the plant.
In case of other sites including another prevailing Site No. 5, Air-Hg has shown signif-10

icant contribution to PM10-Hg (10.25%) with positive intercept value. Occurrence of
this pattern at Site No. 5 might be due to station of other sources of air-Hg emissions
and it can also be explained by r2 values of regression between PM10 and PM10-Hg
which is higher at Site No. 5 compared to another prevailing wind Site No. 1. Higher
presence of catalytic iron particles at Site No. 3 is responsible for higher conversion15

at this site (Borderieux, 2004; Sharma, 2002). Site No. 3 has shown higher positive
r2 values due to its close proximity to the plant and has shown 61.32% contribution of
Air-Hg to PM10-Hg at this site. It is low in case of Site No. 4 (9.27%) due to less mass
inflow of iron particles towards this site. It can also be justifiable by the intercept values
of Air-Hg and PM10-Hg regression at Site No. 3 has shown higher contribution from20

Air-Hg to PM10-Hg due to multiplicity of local sources of emission.

3.3 Spatiotemporal variation pattern of ambient mercury

Spatial variability and distribution pattern across the sites has been presented in Ta-
ble 2. Highest spatial variability has been obtained for Air-Hg levels (88.85%). PM10
and PM10-Hg levels have shown comparable values of spatial variability. Total ambi-25

ent Hg (Ambient air-Hg+Ambient PM10-Hg) has shown comparable spatial variability
with Air-Hg levels. The spatial distribution pattern is similar for all mercury levels mea-
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sured in selected ambient matrices. Annual measurements of total mercury in selected
sampling programs for investigation of temporal variation has been presented in Fig. 5.
Ambient PM10-Hg around steel plant, Bhilai has been increased by a factor of 26 during
2001–2006 compared to 1996–2001 with a significance level of 0.0001. This might be
due to sharp increase in consumption of mercury bearing ingredients of raw material5

during this period. Mean difference of 53.02 has been obtained from yr 2001 to 2006,
while it was 2.05 from yr 1996 to 2001 with a significance level of 0.0001 using Kruskal
Wallis test Table 3.

3.4 Personal exposure and human accumulation pattern of mercury

Subjects of Category 1 and 2 have shown higher personal RPM levels compared to10

proposed prescribed standards of PM10 (60 µg m−3) in context to the reported ratio of
PM10/RPM earlier in the study region (Table 4) (Brook et al., 1997). RPM (PM5)/PM10
ratio has been evaluated to be in the range of 0.36–0.62 (Gadkari and Pervez, 2007).
Plant workers have shown 1.5 to 2.5 times higher RPM-Hg levels compared to Cat-
egory 2 and 20–30 times higher than Category 3. All RPM-Hg levels are exceed-15

ing very high compared to proposed permissible level of particulate-Hg by CPCB
(0.003 µg m−3). Category wise subjects belong to plant workers have shown 2–3 times
higher levels of RPM-Hg compared to Category-2 and 20–40 times higher than that oc-
cur in Category-3 of subjects of uncontaminated areas. All RPM-Hg levels have been
observed to be higher than proposed permissible limits (0.003 µg m−3). Blood-Hg levels20

(B-Hg) have been observed to be very high compared to permissible limits (3.0 µg L−1)
and comparable with previously reported average levels (10–102 µg L−1) (Adimado and
Baah, 2002) (Fig. 6). In comparison to exposed particulate matrix and related biolog-
ical fluids, blood-Hg levels have shown 4–5 times, 2–5 times and 1.5–3 times higher
than RPM-Hg, urine-Hg and breast milk-Hg levels, respectively. Category wise B-Hg25

of Category-1 has shown 5–6 times and 15–30 times higher levels compared to Cat-
egory 2 and 3, respectively. Urine-Hg (U-Hg) levels have shown 32–95 times higher
than permissible limits (0.5 µg L−1) compared to that 5.5–8.8 times higher for subjects
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belong to uncontaminated areas. Category wise, U-Hg levels of Category-1 has shown
2–2.5 times and 8–11 times higher than Category-2 and Category-3, respectively. Pre-
vious reported U-Hg levels in other regions has been observed to be in the range of
2.0–35.0 µg L−1 (Adimado and Baah, 2002). Breast Milk-Hg (BM-Hg) levels of affected
subjects from steel plant emissions have shown 13–21 times higher than permissible5

limits (3.0 µg L−1) compared to subjects belong to uncontaminated areas that shown
similar levels as reported for permissible limits. It has also been observed that BM-
Hg is significantly higher than previously reported levels (10–25 µg L−1) (Sharma and
Pervez, 2005; Saleh et al., 2003; Srivastava, 2003).

3.5 Dominance evaluation of major human exposure routes of mercury10

Inter-correlation coefficients between Hg data of selected exposure-biomarkers ma-
trices have been presented in Table 5. Total ambient mercury levels (T-amt-Hg) has
shown positive correlation with RPM-Hg and Hg levels measured in biomarkers hu-
man fluids of subjects belong to Category-2 compared to other category. RPM-Hg
has shown higher strong positive correlation with all biomarkers matrices (B-Hg, U-Hg15

and BM-Hg) in case of Category-1 compared to Category-2. Positive inter-correlation
between biomarkers matrices has been obtained and justifies the similar source of
accumulation of mercury.

Regression analysis of mercury data between identified exposure matrices and re-
ported biomarkers among subjects affected by steel plant emissions alongwith subjects20

from uncontaminated areas has been presented in Table 6. Parameters (intercept and
slope) of regression analysis were utilized to identify major dominating routes of mer-
cury exposure among subjects residing in the vicinity of steel plant. It has been ob-
served that mercury biomarker have shown different pattern of correlation with their
exposure matrices among identified categories of subjects. B-Hg has shown that Cat-25

egory 1 is more tuned to RPM-Hg compared to Ambient-Hg, while it was reversed in
case of Category 2. Category 3 have shown more prone towards soil-Hg compared to
other exposure matrices. Plant workers of Category 1 have spent 8–10 h in workplace
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environment and exposed to fugitive emissions stored with high mercury content result-
ing in occurrence of higher correlation of personal RPM-Hg with B-Hg while subjects
of Category 2 (local residents) were mostly exposed to environmental mercury through
ambient route. Results have shown that personal RPM-Hg has given 23% contribution
to B-Hg alongwith ambient-Hg of 10.82%, soil-Hg of 7.3% and GW-Hg of 3.5%. Re-5

maining 55% contribution might be from other sources. Ambient-Hg has shown 57.49%
contribution of B-Hg in case of subjects belong to Category 2 with personal RPM con-
tribution of 43.92%, Soil-Hg of 31.56% and GW-Hg of 9.14%. Subjects belong to cat.3
were residing in totally uncontaminated area from steel or any other industrial emis-
sions. They have shown that soil-Hg is dominating route of B-Hg (64.64%) alongwith10

GW-Hg of 22.73% due to their pattern of daily farming activities. Lower personal RPM-
Hg contribution (11.90%) compared to Soil-Hg is due to the fact that subjects spent
their time at various microenvironments apart from farms.

Urine-Hg has also shown similar pattern of relationship with routes of exposure ma-
trices as observed in case of B-Hg. Dominating exposure route of Urine-Hg for subjects15

of Category 1 has been observed to be personal RPM-Hg (51.94%) compared to other
routes (Ambient-Hg of 25.37%, Soil-Hg of 24.32% and GW-Hg of 20.61%). In case
of Category 2 order of dominance of routes of urine-Hg is differ with B-Hg. After the
highest contribution (64.21%) from Ambient-Hg, Soil-Hg has shown dominance with
contribution of 51.78% compared to personal RPM-Hg (35.83%) and GW-Hg (0.52%).20

It showed that Soil-Hg is one of the major contributors of Urine-Hg of subjects resid-
ing around the steel industry apart from steel plant emissions. Subjects from uncon-
taminated area (Category 3) have shown that urine-Hg is strongly affected by soil-Hg
(90.53%) through the personal RPM route (73.37%).

Beast milk mercury content (BM-Hg) has not shown major route of selected exposure25

matrices in case of Category 1. Ambient-Hg has shown 14.04% contribution alongwith
personal RPM-Hg of 28.67%, Soil-Hg of 5.1% and GW-Hg of 1.0%. In case of Cate-
gory 2, dominating contribution through personal RPM has been obtained, while ambi-
ent has shown 33.04%, Soil-Hg contributed 28.29% and GW-Hg has shown 18.84%.
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4 Conclusions

National Ambient Air Quality Standards in India has been presented in last decade and
proposal of mercury as air borne pollutant has been included within last two years.
Most of studies conducted in the field of air borne mercury monitoring are focused on
regional scale and mainly covering urban areas. Studies around chlor-alkali indus-5

tries and thermal power plants have also been conducted in few places of India. A
major research project focused on spatiotemporal variation and impact assessment of
anthropogenic mercury in the vicinities of selected coal-fired industries, sponsored by
Ministry of Environment and Forests, Government of India has been completed and
the work presented here is the part of that study. All sites around steel plant have10

shown higher concentration (10–150 folds) of Air-Hg and thousand folds of PM10-Hg
compared to proposed standards. Most of individual measurements of PM10-Hg have
been projected higher side from mean level, while inverse projection obtained in case
of Air-Hg across the sites. The concentration of total mercury that found in vapour and
particle phases of ambient air around steel industry has shown contrast scenario of15

partitioning of mercury between these two phases, compared to earlier studies con-
ducted in India. Higher tendency of mercury to attach with particle phase around steel
industry is due to higher presence of catalytic iron particles in ambient air. Regres-
sion analysis data have shown complex picture of exchange phenomena of mercury
between air-particulate inter-phases across the sites. On taking prevailing wind sites,20

one site has shown negligible exchange of mercury between air-particle phases and
explained that all particle bound mercury generated during combustion processes in-
volved in steel industry. Other downwind site has shown significant exchange between
air-particle inter-phases, statistically. This might be due to station of other potential
sources of mercury which actually emitting vapour mercury along with catalytic com-25

ponents that responsible for conversion of vapour elemental mercury to particle bound
inorganic mercury ions in air media. Highest exchange between air-particle phases
has been evaluated to be at Site No. 3. Higher degree of spatiotemporal variation
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of ambient mercury around steel plant has explained complexity in its transportation,
transformation and deposition pattern in geo-bio-environment around stationary com-
bustion sources.

Higher occurrence of personal RPM and its mercury content at inhabitants of steel
plant compared to control site has justified the significant impact of strong conversion5

of vapour mercury to particle phase. Human accumulation status of mercury among
inhabitants of steel plant is at alarming situation. About ten folds higher mercury pres-
ence in blood, urine and breast milk compared to subjects belong to control site has
been observed. Apart from personal RPM, water consumption has also shown sig-
nificant route of pollutant exposure through ingestion. Personal RPM is the receptor10

of various routes of particulate matter from indoor microenvironments to ambient air.
Ambient PM10 has also been chosen as one of the exposure route due to its potential-
ity around steel plant. Soils as major natural source of fine particulate in sub-tropical
region have also been chosen as one of the major routes of exposure. It has been
observed that workers of steel plant are majorly contaminated with personal RPM due15

to lots of fugitive emissions happen within plant premises. Subjects belong to con-
trol/uncontaminated site are mostly contaminated by soils and ground water.
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Table 1. Description of sampling sites for environmental monitoring of mercury around inte-
grated steel plant, Bhilai, India.

Distance from Direction from Site characteristics in Wind Site
S. No the plant the plant relation to wind direction characteristics name

Integrated Steel Plant, Bhilai

1 3 km Southwest (SW) Downwind Calm & Clear Maroda
2 5 km Southwest (SW) Downwind Calm & Clear Ruayabandha
3 3 km West (W) Down wind Calm & Clear Sector-4
4 3 km Northwest (NW) Perpendicular to wind Calm & Clear Power House
5 3 km Northeast (NE) Downwind Calm & Clear Bhilai-3
6 3 km Southeast (SE) Perpendicular to wind Calm & Clear Somani
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Table 2. Annual average and statistical data of PM10 and Hg concentration around an inte-
grated steel plant, Bhilai during March 2005–February 2006.

Site numbers Spatial
Parameters 01 02 03 04 05 06 variability (CV) (%)

Air-Hg level 0.53±0.37 0.17±0.15 0.64±0.38 0.87±1.85 1.83±5.07 0.14±0.05 88.85%
PM10 level 370.41±68.13 166.19±81.06 352.86±140.60 475.71±232.95 669.64±123.95 92.85±43.44 58.90%
PM10-Hg level 8.76±9.85 5.16±6.77 13.47±5.75 14.02±4.86 24.37±7.95 2.27±1.82 69.22%
Total ambient Hg level 9.35±9.91 5.39±6.88 14.13±6.16 15.54±6.14 27.24±11.88 2.47±1.88 71.49%
Air-Hg/PM10-Hg 0.06 0.03 0.05 0.06 0.07 0.06 25.45
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Table 3. Results of Kruskal wallis multiple comparison test of yearly difference ambient mercury
around integrated steel plant, Bhilai, India.

PM10-Hg

Area Test period Mean difference∗ p value

Overall 2006–2001 53.02 0.0001
2006–1996 55.07 0.0001
2001–1996 2.05 0.0001

Site 1 2006–2001 7.95 0.0001
2006–1996 8.75 0.0001
2001–1996 0.8 0.0003

Site 2 2006–2001 4.21 0.0015
2006–1996 5.14 0.0001
2001–1996 0.93 0.0002

Site 4 2006–2001 13.86 0.0001
2006–1996 13.99 0.0001
2001–1996 0.13 0.0005

Site 5 2006–2001 27.02 0.0001
2006–1996 27.2 0.0001
2001–1996 0.18 0.0003

∗ Mean values in µg m−3 (n.s.=non significant at α=0.05).
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Table 4. Average integrated personal exposure of Hg levels (RPM-Hg) and its correlation with
ambient PM10-Hg around integrated steel plant, Bhilai.

Category No and type subject RPM RPM-Hg R
of subject S. No. (age/sex/smoker/oc)∗ (µg m−3) (µg m−3) Hg(PM10)-Hg(RPM)

Cat-1 1 30/m/x/pw 710.12±10.05 39.1±16.22 0.33
2 40/f/x/pw 634.64±11.98 30.46±11.51 0.65
3 22/f/x/pw 1038.16±13.23 44.23±12.34 0.25
4 27/m/

√
/pw 915.09±9.16 37.45±4.36 0.69

5 31/f/x/pw 425.61±15.18 25.4±14.42 0.62
6 32/m/

√
/pw 562.45±12.56 27.49±10.6 0.76

Cat-2 7 32/m/
√

/shopkeeper 594.16±7.29 17.82±8.13 0.79
8 26/f/x/teacher 503.05±14.69 24.60±12.67 0.62
9 25/f/x/hw 412.59±10.12 17.33±7.78 0.89
10 26/f/x/hw 345.61±8.72 6.55±3.64 0.6
11 35/m/

√
/w 470.11±9.65 10.83±6.30 0.9

12 26/m/
√

/w 510.43±7.39 7.64±3.36 0.71
13 35/m/

√
/w 576.26±9.51 23.62±5.54 0.86

Cat-3 14 31/f/x/teacher 108.16±4.61 1.17±0.69 0.53
15 26/f/x/office 133.72±5.23 2.00±1.33 0.16
16 42/m/x/farmer 348.01±6.01 3.13±1.04 0.11
17 25/m/x/w 132.81±5.96 1.05±0.22 −0.61

∗ m – male, f – female, x – non-smoker,
√

– smoker, pw – plant worker, w – other localwork,
OC – Occupation.
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Table 5. Inter-correlation between mercury data of selected matrices of human exposure-dose
study in the vicinity of steel plant, Bhilai.

Environmental Category
Matrix of subject RPM-Hg Blood-Hg Urine-Hg Milk-Hg

Tambt-Hg Cat-1 0.55 0.51 0.44 0.26
Cat-2 0.76 0.91 0.67 0.92
Cat-3 0.05 −0.06 −7.66 0

RPM-Hg Cat-1 0.88 0.69 0.49
Cat-2 0.77 0.61 0.8
Cat-3 −0.045 −7.155 0

Blood-Hg Cat-1 0.7 0.38
Cat-2 0.7 0.88
Cat-3 0.47 0

Urine-Hg Cat-1 0.82
Cat-2 0.73
Cat-3 0
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Table 6. Regression data of Hg levels in human biological fluid with its exposure matrices
around steel plant, Bhilai.

Human fluid matrix Category of subjects Ambient-Hg RPM-Hg Soil-Hg GW-Hg
R2 Slope intercept R2 Slope intercept R2 slope Intercept R2 slope Intercept

Blood-Hg Cat-1 0.51 0.826 130.14 0.88 1.00 112.024 0.25 0.413 135.201 0.19 10.217 140.698
Cat-2 0.91 0.852 17.064 0.77 0.84 22.51 0.46 1.04 27.47 0.24 12.38 36.7
Cat-3 0.06 0.07 8.70 0.05 0.93 7.40 0.90 1.02 2.97 0.52 18.23 6.49

Urine-Hg Cat-1 0.88 0.53 30.24 0.70 0.62 19.47 0.38 3.97 30.46 0.28 30.80 32.17
Cat-2 0.77 1.12 6.82 0.71 0.70 12.23 0.33 0.87 9.19 0.04 11.21 1.96
Cat-3 0.04 0.08 3.59 0.17 1.88 0.90 0.60 0.49 0.32 0.46 11.21 1.96

Milk-Hg Cat-1 0.26 0.25 51.55 0.74 0.61 42.83 0.07 0.22 56.99 0.04 2.34 59.43
Cat-2 0.92 0.63 26.38 0.80 1.23 −11.70 0.39 0.82 28.25 0.35 7.65 32.12
Cat-3 – – – – – – – – – – – –
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Fig. 01: Location map of air sampling sites for monitoring of ambient 
mercury around integrated steel plant, Bhilai, India 

  

                      

 

 

 

Scale: 1 cm = 3 km BSP: Bhilai Steel Plant 

Fig. 1. Location map of air sampling sites for monitoring of ambient mercury around integrated
steel plant, Bhilai, India.
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Fig. 02: Wind rose diagram of Bhilai region during March’ 2005 – 
February’ 2006 

 
 
 

 

Fig. 2.
Wind rose diagram of Bhilai region during March 2005–February 2006.

918

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/885/2010/acpd-10-885-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/885/2010/acpd-10-885-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 885–923, 2010

Spatiotemporal
variation of

atmospheric mercury

S. Pervez et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

   (A) 

2 5 %

7 5 %

5 0 %

9 5 %

5 % 2 5 %

7 5 %
5 0 %

9 5 %

5 %

2 5 %

7 5 %

5 0 %

9 5 %

5 %

2 5 %

7 5 %

5 0 %

9 5 %

5 %

2 5 %

7 5 %
5 0 %

9 5 %

5 %

2 5 %
7 5 %5 0 %

9 5 %

5 %

S i t e 1 S I t e 2 S I t e 3 S i t e 4 S I t e 5 S i t e 6
- 5

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

4 5

 P
M

10
-H

g 
(u

g.
M

3)

S a m p l i n g  s i t e s

 

 

                                                        (B) 

2 5 %

7 5 %

5 0 %

9 5 %

5 % 2 5 %

7 5 %

5 0 %

9 5 %

5 %

2 5 %

7 5 %

5 0 %

9 5 %

5 % 2 5 %

7 5 %

5 0 %

9 5 %

5 %

2 5 %

7 5 %

5 0 %

9 5 %

5 %

2 5 %
7 5 %5 0 %

9 5 %

5 %

S I t e 1 S I t e 2 S I t e 3 S i t e 4 S I t e 5 S i t e 6
- 0 . 1
0 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8
0 . 9

5

1 0

1 5

 A
ir-

H
g 

(u
g.

M
3)

S a m p l i n g  s i t e
 

 

Fig. 03: Annual statistical box plots of PM10 (A)- and ambient air(B)-  Hg levels 
measured at selected sites around an integrated steel plant Bhilai, 
during March 2005-February 2006    

Fig. 3. Annual statistical box plots of PM10 (A) and ambient air (B) Hg levels measured at
selected sites around an integrated steel plant Bhilai, during March 2005–February 2006.
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Figure 04: Regression graph of selected measurements of PM10, 
PM10-Hg and Air-Hg at identified sites around steel  plant, 
Bhilai 
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Fig. 4. Regression graph of selected measurements of PM10, PM10-Hg and Air-Hg at identified
sites around steel plant, Bhilai.
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Figure 04: Regression graph of selected measurements of PM10, 
PM10-Hg and Air-Hg at identified sites around steel  plant, 
Bhilai 
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Fig. 4. Continued.
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Fig. 05: Temporal variation of Total Ambient Hg in selected 
monitoring programs around Steel plant, Bhilai, India 

 

 

 

 

Fig. 5. Temporal variation of Total Ambient Hg in selected monitoring programs around Steel
plant, Bhilai, India.
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Fig. 06: Mercury levels (µg L-1) in selected biomarkers of identified 
subject categories around an integrated steel plant 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Mercury levels (µg L−1) in selected biomarkers of identified subject categories around
an integrated steel plant.
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