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Abstract. Mercury release by coal combustion has beenmercury concentration is very high compared to prescribed
significantly increased in India. Mercury content in coal limits in all receptors. Results of exchange phenomenon have
has been analyzed to 0.272 ppm by Central Pollution Conshown the higher transfer of mercury from air to particulate
trol Board. Toxicological effects of elemental Hg (g  during combustion in steel plant environment due to presence
exposure include respiratory and renal failures, cardiac aref huge amount of iron particles, in contrast to results ob-
rest, and cerebral oedema, while subclinical exposure mayained in other industrial locations earlier. Plant workers have
induce kidney, behavioral, and cognitive dysfunctions. Theshown 1.5 to 2.5 times higher personal RPM-Hg levels com-
present work is focused on dispersion pattern and interpared to Category 2 and 20—30 times higher than Category 3.
phase exchange phenomena of ambient mercury betweehll biomarkers have shown higher Hg presence compared to
air-particulate matter evaluations of alongwith dominance ofprescribed standards. Regression analysis between exposure
various major routes of human exposure-dose response useutes and bio-receptors has been investigated. Dominance
ing regression analysis around an integrated steel plant istatus of selected routes of bio-accumulation has been varied
central India. Source-downwind type stratified random sam-from category to category.

pling plan using longitudinal study design has been adopted
for ambient monitoring of total mercury, while representa-
tive sampling plant has been adopted for persona exposure- )

dose response study In space-time framework. Control sited ntroduction

and subjects have been chosen from uncontaminated area ) ]
(100km away from any industrial activities). 06 ambient Mercury has been recognized for decades as a persistent

air monitoring stations and 17 subjects from workers non_and bio-accumulative toxic substance in the environment
workers but local residents’ categories and from controlled(Sharma, 2002; Saleh et al., 2003 and Srivastava, 2003).

sites have been chosen for the study. Samples of mercur')I/'he investigation of mercury behaviour is a field of partic-

biomarkers (blood, breast milk and urine) have also been CO|_ular concern due to its wide distribution in the different en-
lected from same subjects in each month during sampling peYironmental compartments (Pirrone et al., 1996, 2003, 2001;
riod. The sampling period was March 2005 to February 20067 2cyna et al., 2001). Highly resolved spatial and temporal

. Samples of 30% acidified KMn{¥or air-Hg absorption distributions of mercury emissions to the atmosphere from
PMzo, RPM and biological samples were analyzed for total natural and anthropogenic sources are needed in global mass
mercury by ICP-AES using standard methods. Local soilsPalance models, transport and deposition models, for relat-
and ground water were also monitored for total mercury con-

ing mesoscale variations in mercury concentrations in both

tent during the sampling period. Results have shown thafS and particulate phase with regional and global circulation
patterns, and in assessing the long-term ecological and health

impacts on different environmental compartments(Cinnirella

Correspondence tcS. Pervez and Pirrone 2006; Pirrone et al., 1996, 2001, 2003; Pacyna
BY

(shamshp@yahoo.co.in) etal., 2001). The ratio between the relative contributions of
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natural and anthropogenic source categories may vary witi.2 Mercury release in steel making
region and time of the year. On global scale the contribution
from industrial sources ranges between 1660 and 220Gt yr In the 21st century, crude steel production in India has in-

(Pirrone et al., 1996; Pacyna et al., 2001, 2003), whereageased from 26.9 Tg in 2000 to 44.0 Tg in 2006. Steel is
emissions from natural sources (i.e., volatilization from wa- manufactured mainly by integrated steel manufacturing pro-

ter surfaces, volcanoes, re-emissions from topsoil and Vigéesses using the chemical reduction of iron ore, and conver-
etation) may represent the major contribution (up to 60%gjon of iron from the blast furnace in a basic oxygen furnace

of the total) to the global atmospheric mercury budget (Pir'(BOF). Steel can also be produced by melting steel scrap
rone et al., 1996, 2001). It has been observed that the USg g from shredded cars) in an electric arc furnace (EAF).
of the amount of mercury mobilized and released into theécoye, necessary in the iron and steel industry, is obtained by
atmosphere has increased compared to pre-industrial Ievelﬁoking in ovens at 1000C or more. Here, Hg from coal is
Schuster et al. (2002) also reported a 20-fold increase in aty;ssed into the gas and other products of solid, liquid and
mospheric Hg deposition since pre-industrial times and thagaseous by-product phases of the coking process. Coal con-
70% of total Hg input was of anthropogenic origin in the g,mntion for the production of iron and steel in India ac-
last century. The processes involved in dynamics of atmoqnts for about 13% of the total consumption i.e. 48.5Tg
spheric mercury on local, regional and global scale are atj, 2004, The emission factor calculated for Hg emission is
mospheric emissions, transport, wet and dry deposition, ang og gMg ! crude steel which is quite realistic (Mukherjee
gaseous mercury exchange at the various air-receptor (-watek a1 2008a). It should be stated here that coke still con-
-soil, -vegetation) interfaces (Mason et al., 1994; Pacyna angyins a small amount of Hg. Hence some Hg will pass into
Keeller, 1995). 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

Asian countries contribute about 56% to the global emissiond€as0n for this is that the quality of coalin India is quite poor

of mercury to the atmosphere with major emphasis on emisdu€ t0 a high ash content (30-40%-wt). For this reason, more

sion from stationary combustion sources including iron and¢0@! is needed per Mg of steel production than in the USA or
steel production, thermal power plant and cement industried" Europe(Pirrone and Mason, 2008).

(Pacyna and Pacyna, 2002). Steel industries are known as

one of the major consumer of coal, which is the chief sourcel.3 Need of exposure-dose response study

of mercury (Molkovic, 1983 and Airey, 1997). The integrated

steel plants which composed of coke ovens, blast Furnespergona respirable fine particulates (RPM) have shown sig-

and steel smelters are known for higher emissions of meryisicant potential to major pathways of atmospheric pollu-

cury with emission factor of 0.04 g per tonne of steel produc-(antg jn human exposure assessment around industrial areas

tion in Asian countries(Borderieux et a_ll., 2004; Pacyna and(Gadkari and Pervez, 2007). The human exposure routes of
Pacyna, 2002; Pacyna, 1996; Themelis and Gregory, 2002}qrcyry has been found as: inhalation, consumption of wa-

Around 31 Mg of mercury per year are released 10 the €nyer consumption of fish, beef, cow’s milk, poultry, chicken

vironment and no major ch.anges in the Mercury emissionggqs nork, lamb, green plants and ingestion of soil (Warner
have been observed for this steel sector during the 1990°g¢ al., 2008; Pirrone and Kathryn, 2005 and Roser Marti-

and beglnnllng of 2000's. Asia (14.4Mg¥) and Europe g 2008). It has been established that personal level rep-
(12.5Mgy™") are the most contributing regions to the global yesents the close relationship with human accumulation and
mercury budget from steel industries (Pacyna et al., 2006 a”@pidemiology pattern of any region compared to other classi-
Pirrone et al., 2001). It has been reported that gaseous mefq atmospheric receptors (USEPA, 2008). Most of the air-

cury has occupied major fraction of the anthropogenic part Ofparticulate mercury (Hg, and Hg,) has been quantified at

the environmental mercury compared to inorganic and parympient level and a strong variation in correlation of chemi-
ticulate mercury, while iron particles have been report t0 beq| character of particulate matter (PM) between ambient and
best adsorbent of mercury vapor at high temperature (Borygrsonal levels has been reported (Meng et al., 2007; Sarnat
derieux et al., 2004; Pacyna and Pacyna, 2002). Mukherg; 51 2006). Longitudinal and pooled correlations between
jee et al. (2008) have reported that annual mercury emissioRe sona| exposure and ambient or outdoor particulate mat-
from iron and steel industries in India has been increased by, (PM) concentrations varied considerably between study
afactor of 1.25 between yr 2000 and yr 2004. It has also been 4 stdy subjects. Most of studies that reported longitudinal
reported that fraction of total mercury emission from India by ¢, reation coefficients range fromo to 0.1, were indicat-
steel industries was also increased from 1.2% to 1.8% withinn that an individual's daily activities pattern and residence
this period. type may have a significant effect on total personal exposure
to PM. General population studies tend to show lower cor-
relations because of the higher variation in the levels of PM

1.1 Steel sector contribution in mercury emissions
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generating activities (Adgate et al., 2007; Pellizzari et al.,of atmospheric mercury and possible routes of human accu-

2001; Rojas-Bracho et al., 2000; Linn et al., 1999). mulation of environmental mercury in the vicinities of inte-
_ grated steel plant with specific objectives are: 1. To evalu-
1.4 Human accumulation status ate spatiotemporal variation of ambient mercury around se-

) ) . lected industrial unit, 2. To assess exchange phenomena of
Mercury is considered as a toxic trace element to humansyercyry at air-particulate inter-phase, 3. Enrichment of am-
animals, and the ecosystem because of its unique geGsient mercury in personal respirable fine particulates (RPM)
chemical characteristics (Drasch et al.,, 2004 and Li et al.5nq 4. Evaluation of relative dominance of identified routes
2006). Risk of mercury-associated adverse health effectqt mercyry in human biomarkers. Fourth objective has been
are neuropsychological deficits in children and woman af-\nsen due to two reasons: 1. previous reports of variation in
ter in utero methylmercury (MeHg) exposure (Kathryn et ¢ rejation of classified atmospheric levels with human ac-
al., 2009). Blood Hg (BHg), Breastmilk-Hg (BM-HQ), cymylation of air pollutants (USEPA, 2008) and, 2. Signifi-
urine-Hg and hair Hg concentrations are indicators of the ,n impact of secondary environmental receptors (soils and
magnitude of MeHg exposure (Adimado and Baah, 2002,y4,nd water) of anthropogenic mercury on human accumu-
Shrivastava, 2003). Mercury presence in human biomarkyaion has been reported. Dietary habits and activity pattern

ers and resulting health effects has been reported earliggt jnhapitants are also the important factor in accumulation
(Kales and Goldman, 2002 and WHO, 2003). Bio intake ;o1 of mercury.

of mercury using hair-Hg as human biomarker has been
estimated tobe 6.780ugdayin Changchun city, North- 2.2 Sampling plan
east China (Li et al., 2006). The association between ele-

vated blood pressure and blood cadmium and mercury 1evTne spatial dimension covers the geographic scale and pat-
els was examined (2001-2002) in 185 Saudi women. Blooder, of aerosols. Based on consideration of emissions, me-
mercury concentrations for hypertensives and Contr_ols Wergaorology, and political boundaries, the spatial dimension
3.506£3.617 ugL* and 3.68%3.186 ug L, respectively  can be broken into global, national, regional-synoptic, meso,
(Al-Saleh et al., 2006). Blood-Hg was also_determined iNyrban, and local scales (USEPA, 1996). To achieve the
61 male and 40 female volunteers resident in Tehran (Iranppjectives of the study around selected industrial units, a
and found tobe 8.484.42pg " (Farzin et al.,, 2008). 24 o rce-downwind receptor based longitudinal stratified ran-
_high school teachers from nine scho_ols of Ohio were stu_d-dom sampling plan for ambient monitoring and longitudi-
ied for mercury exposure through air and accumulation inpg) representative sampling plan for personal particulates
voided urine samples. The median Hg concentration ingng human accumulation study programs (Gilbert, 1987) has
12 chemistry teachers was 4.6 pgfgreatinine (range 2.2~ peen conducted around an integrated steel plant, Bhilai, Dis-
8.2ug g creatinine) and it was 6.3 pgg creatinine inthe  trict purg, Chhattisgarh. Bhilai steel plant was located at
12 non-chemistry teachers. All classroom air samples CONylobal scale of Latitude-211'0” and Longitude-81236” E.
tained mercury levels below detection limits (Crump et al., 3 41 Tg of total saleable steel have been produced in Bhilai
1996). Breastfeeding for nursing infants, can be a potentiakteg| plant during 2002—2006. A total mass of approximate
source of exposure to toxic chemicals to which the mothery 317 Tg of solid raw material is handled during the produc-
has previously been exposed (Solomon and Weiss, 200Zion of one Tg of steel. Raw material used in the produc-
Gundacker et al. 2002). _ _ tion of one Mg of steel includes hot metal (930.2kg), cold
The work being presented here is focused on spatlotempopig iron (2.2kg), scrap iron (34.1kg), scrap steel (174.2 kg),
ral variation of total atmospheric mercury alongwith its en- j.on ore (29.5kg), mill scale (2.2Kg), limestone (51.4kg),
richment iq personal particulate; and human accumulationyme (13.7kg), fluorspar (0.02kg), bauxite (0.1kg), raw
around an integrated steel plant in central India. dolomite chips (34.9kg), burnt dolomite (19.1kg), magne-
site (8.2kg), 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). About 1.41Tg
2.1 Study design of coal were consumed during the yr 2002—-2006 for produc-
ing 3.41 Tg of steel (BSP, 2008).
Reports of significant release of mercury in the surrounding Previously reported meteorological records (wind direc-
environment by high temperature processes (about 4000 tion, wind velocity, relative humidity and average rainfall),
to 1250°C) involved in major coal-fired industries (inte- layout map, development plan, population density and hu-
grated steel plant) have put forward the need to evaluate spanan activity pattern of the study area has been utilized for
tial distribution pattern, seasonal variability and transporta-the identification of sampling sites. Description of sam-
tion routes of ambient mercury to personal level and humarpling sites around integrated steel plant has been presented
accumulation around the steel industrial location. The goalin Table 1 alongwith location map and wind rose diagram
of the study is to assess spatiotemporal distribution patterrfFigs. 1-2). Samples of gaseous mercury (Air-Hg) and £M

2 Materials and methods
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Table 1. Description of sampling sites for environmental monitoring of mercury around integrated steel plant, Bhilai, India.

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

Integrated Steel Plant, Bhilai

1 3km Southwest (SW)  Downwind Calm and Clear Maroda
2 5km Southwest (SW)  Downwind Calm and Clear Ruayabandha
3 3km West (W) Down wind Calm and Clear Sector-4
4 3km Northwest (NW)  Perpendicular to wind Calm and Clear Power House
5 3km Northeast (NE) Downwind Calm and Clear  Bhilai-3
6 3km Southeast (SE) Perpendicular to wind Calm and Clear Somani
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Fig. 2. Wind rose diagram of Bhilai region during March 2005-
February 2006.

ground level. A 24-h sampling (8-hourly basis) has been con-
ducted with an average air flow rate of 1.%/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 throughout the sam-
pling year (March 2005—February 2006). Glassfiber micro-
filter sheets have been used for RMampling. Air sam-
ples have been collected in 30 mL 10% acidified KMred-
lution, placed in three impingers connected in series. The
for its mercury content (PM-Hg) have been collected us- trapping efficiency was reported to be better than 95% (Ha-
ing two respirable dusts samplers (RDS) (Envirotech Modelcon et al., 1995 and Lu and Schroeder, 1999). Pre-weighed
APM 410), Installed at a height of approximately 4-5 m from and calibrated glassfiber microfilter sheets (Whatman make)

BSP: Bhilai Steel Plant |

Scale: 1cm =3 km

Fig. 1. Location map of air sampling sites for monitoring of ambient
mercury around integrated steel plant, Bhilai, India.
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(GFF) (size 8 x 10") for ambient monitoring has been used. ing (blank stomach) and in afternoon (after lunch). Both
The GFF were low resistance to airflow, a low affinity for urine samples were mixed together to avoid variation in daily
moisture and 98% collection efficiency for particles of 0.5 urine-Hg concentration. 20 mL of breast milk samples of
micron or large size. The GFF were dried in an oven at 105-feeding mothers have also been collected with the help of
110°C for two hours and then equilibrated in conditioned suction pump provided by health centers. All samples were
environment (desiccators) for about three to five hours andstored at temperature of°€ (Adimado and Baah, 2002).
then taken the weight of GFF to nearest milligram. All the About 6—8 sampling sessions (monthly/bimonthly) of bio-
samples of Ambient Pk and gaseous mercury were trans- logical fluids have been conducted on each subject through-
ported and preserved in the laboratory as per laid down proeut the sampling period of ambient air.
tocol (Envirotech, 2000 and Katz, 1977).

Personal exposure to respirable particulate matter (RPMR.3 Sample preparation and analysis
(size less than 5 micron) has been monitored using integrated
personal exposure monitoring protocol. For the purpose ofFour circles (one inch diameters) were punched out from
personal sampling, a representative sampling plan using loneach of three exposed GFFs of 24-h sampling for ambient
gitudinal study design has been adopted. 100 subjects wereM;g and complete GFFs of personal RPM were taken in
identified on the basis of their direct or indirect relation with the Teflon digestion bombs, separately, followed by the addi-
steel plant using a questionnaire, which include their genderion of 10 mL acid mixture of HO>:HNO3 at ratio of 1:3 and
age, occupation, and health status, dietary habits and timeplaced in an oven at 18 for six hours (Richard, 1970; En-
activity pattern. After formal consent of subjects for partic- virotech, 2000; Lu and Schroeder, 1999). Samples of blood,
ipation in the study, 17 subjects have been grouped in thre@rine and breast milk have been digested using standard re-
categories: 1. Subjects who are the plant workers and residgorted protocol (Adimado and Baah, 2002; Saleh et al., 2003;
ing in plant township, 2. Subjects who are non-plant work- Walcher, 1963). The digested samples of ambieni bker-
ers but residing in township and 3. Subjects who are nonsonal RPM, Air-Hg (30 mL of 10% acidified KMn£), and
plant workers and residing in uncontaminated area (Subjectiuman biological fluids were subjected to chemical analy-
of control site) (100 km approx. away upwind from any in- sis using ICP-AES (JOBIN-YVON HORIBA Ultima 2, ICP
dustrial activity) (USEPA, 2003; Gilbert, 1987). All subjects Spectrometer Version 3.0) with a lower detection limit of
were belonging to non-vegetarian category and consumer of.0 ug L=1. An Argon gas with ionization energy of 15.6 eV
fresh water fishes like carp fishes (Labeo rohita, Katla) fre-has been used as plasma. Mercury analysis has been carried
quently. Amalgam filling case has not been reported in anyout at a wavelength of 194.227 nm to avoid interferences.
subject. Details of subject selection and their personal RPMCalibration of the instrument has been done using mercury
levels have been presented in Table 4. Similar subjects havehloride (AR, Merck) of concentration range 0.001-0.1 ppm
given consent to participate in biological sampling of blood, (Montaser and Golightly; 1987). 4-5 measurements have
urine and breast milk. been done in each sample to maintain relative standard de-

Two personal samplers with attached cyclonic assemblyiation within 5%.
(particle cut off size: 5 micron and less) (Envirotech, Model
APM 801) with an average flow rate of 1.0Lmihhave 2.4 Data analysis and documentation
been used for measurements of personal RPM. In case of 24-
h integrated personal exposure sampling, each subject wd3ata of mercury measured at ambient and personal levels
monitored for 24 h in a 48 h sampling session. 8—-10 samplinghave been summarized as mgatandard deviation of lon-
sessions have been completed on each subject throughout tiggudinal measurements and presented alongwith other sta-
sampling period (Gilbert, 1987; Envirotech, 2000; USEPA, tistical parameters (spatial variability, correlation coefficient
2002, 2008). Glass fiber microfilter sheets (GFF) (size: dia-of RPM-Hg with ambient Hg) in Tables 2 and 4 and Fig. 3.
37 mm) (Whatman Make) have been used for the collectionExchange phenomena and correlation studies of mercury
of RPM. Most of earlier studies conducted with objective data between air-particle inter-phases has been assessed us-
of personal exposure assessment were focused on exposuiiag regression analysis (USEPA, 2003). It has been reported
dose response pattern. It has been decided to perform prelinthat intercept values of regression analysis have shown clear
inary observations about accumulation status of mercury irmgreement with concentration of specific pollutant generated
selected human biomarkers viz blood, urine and breast milkn dependent environmental receptors itself with respect to
of selected subjects for exposure study. Samples of biologiindependent receptors and slope values have shown removal
cal fluids (blood, urine and breast milk) have been collectedof pollution concentration from dependent receptors (Geller
with the help of pathologists working at local health center aset al., 2002; Gadkari and Pervez, 2006). Regression analysis
per medical protocol of sampling. 10 mL of blood samples of has been conducted between gMnd PMo-Hg alongwith
subjects have been collected using disposable syringes (DigAir-Hg and PMo-Hg. Spatial variability has been calculated
povan Make) and transferred to 25 mL glass bottles. Urineusing statistical tools (Roosli, 2000). Results have been pre-
samples (25 mL approximately) have been collected in mornsented in Fig. 4.
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Table 2. Annual average (pg TP) and statistical data of ambient Riland Hg concentration around an integrated steel plant, Bhilai during
March 2005—-February 2006.

Site numbers

Parameters

01

02

03

04

05

06

Spatial
variability
(CV) (%)

Air-Hg level

PMyg level

PM10-Hg level

Total ambient Hg level
Air-Hg/PM10-Hg

0.53£0.37
370.4168.13
8.76:9.85

9.369.91
0.06

0.1#0.15
166.19-81.06
5.16:6.77
5.32:6.88
0.03

0.64-0.38
352.86-140.60
13.4&5.75
14.1%6.16
0.05

0.8#&1.85

475.7£232.95

14.024.86

15.54:6.14
0.06

1.83:5.07

669.64123.95

24.3%7.95

27.24-11.88
0.07

0.14:0.05

92.8543.44

228182

2.4%1.88
0.06

88.85
58.90
69.22
71.49
25.45

(@) scale. The specified criteria has edict the requisition of mea-
- surements of atleast 15 days in each calendar quarter of ei-
ther a three year or two year period at two or three moni-

75% toring sites (Rizzo and Pinto, 2001). Monitoring of ambient
S0en DA e mercury in multiple sites around stationary industrial sources
e has been decided on account of assessment of temporal vari-

ation 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 Plyb-Hg has been utilized for assessment
of temporal variation due to lack of Air-Hg data during pre-
vious sampling programs.

Data of all selected monitoring programs have been pre-
95% sented 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 ho-
mogeneity i.e. if there are significant differences in the space
orintime. Itis 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 approx-
imation at high satisfactory level (Conover, 1999). Results
Fig. 3. Annual statistical box plots of ambient Rii(a) and Air- have been presented in Table 3.

Hg levels measured at selected sites around an integrated steel p|amMercury data of human biomarkers have been presented in

Bhilai during March 2005-February 2006. Fig. 6. Inter-correlations of Hg data between selected human
biomarkers have been presented in Table 5. Regression anal-
ysis between selected exposure routes (ambient-Hg, personal

Temporal variability is another important factor in char- RPM-Hg, ground water-Hg and soil-Hg) with mercury levels
acterizing the dispersion pattern of mercury in time scale.of human biomarkers has been conducted to assess contribu-
Most of the temporal studies conducted earlier were basedion estimates of bio-mercury through selected environmen-
on time scale: Hourly, daily, seasonal and yearly (USEPAtal routes. The results have been presented in Table 6.
2008). In most of the reported studies, seasonality is coupled
with spatial variability for air pollution dispersion assess-
ment. Measurements of air pollutants in identified and de-3 Results and discussion
fined periods have been documented in the form of statistical
graphs in most of previous studies for assessment of tempdiscernible reception pattern of mercury in air-particulate
ral variation (Fitz-Simons et al., 2000). The study design hasmatrices of ambient level around integrated steel plant has
been planned using defined criteria of assessment of tempdseen observed from the outcome of data analysis. The
ral variation of air pollution around single source in regional observed pattern is might be due to processes involved
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Fig. 4. Regression graph of selected measurements qfgPRM1o-Hg and Air-Hg at identified sites around steel plant, Bhilai.

in different units of steel plant (coke ovens, steel melting3.1 Statistical inferences of ambient mercury levels

shops, blast furnace). Meteorological parameters, other lo-

calitemporary sources of mercury emissions and presenc8ignificantly higher concentration (annual geometric mean)
of catalytic metal particles in air media were played impor- of ambient PMg and its Hg content alongwith Air-Hg lev-
tant role in enrichment of mercury at personal RPM levels.els has been observed and exceeding the prescribed lim-
Multi-complexity in types of source contribution is resulting its of PMig (60 pg n¥), PMig-Hg (0.003 pgm?) and Air-

in variation of dominating routes of mercury accumulation in Hg (0.012 ug m?) proposed by Central Pollution Control
human biomarkers around such industrial units. On the basi§oard of India (CPCB) (Table 2 and Fig. 3) (CPCB, 2008).

of objectives, results are explained as follows:

www.atmos-chem-phys.net/10/5535/2010/

PMjg levels have been evaluated to be 2.9-11 times higher
than prescribed standards for PV Annual average of Air-

Hg levels have shown significantly lower trend compared

to PMyio-Hg levels across all sites (range in terms of air-

Hg/PMyo-Hg ratio: 0.03-0.07). This pattern of occurrence
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Fig. 4. Continued.

is contrast to previous reported ambient Hg levels monitored2.1-2.3 times less than that obtained at other sites. Site No. 3
in various urban areas (Pacyna and Pacyna, 2002). Role afnd 4 located across the wind direction have shown higher
metal oxides especially F®3 has shown strong absorption levels of PMg due to their close proximity (2 km away from
capacity for vapour-Hg/elemental-Hg by converting it to in- the plant premises) and station of other local sources of dust
organic mercury ions. Conversion is enhanced in presencemissions (Highway, municipal waste burning etc.).
of other catalytic metal oxides in presence of nitrogen oxides
(Borderieux, 2004). Prevailing wind sites (Site No. 1 and 5) All sampling sites have shown higher levels of Air- and
have shown similar pattern of deviation from annual meanPM10-Hg compared to proposed standards by CPCB (Fig. 3).
data of PMy. Higher values of Plyp at Site No. 5 compared Different pattern of deviation from annual mean data of Air-
to Site No. 1 are due to fact that percentage of prevailingHg has been observed across the sites. Site No. 1, 4 and 6
wind from the plant was more favorable to Site No. 5 com- have shown lower trend of deviation from mean data com-
pared to Site No. 1 It has also been evaluated that deviation ipared to other sites. High standard deviation from mean
the annual measurements of R\t prevailing wind sitesis  value of Air-Hg at Site No. 5 has explained the possibility
of another potential source of mercury at this place. Site

Atmos. Chem. Phys., 10, 5535549 2010 www.atmos-chem-phys.net/10/5535/2010/



S. Pervez et al.: Study of spatiotemporal variation of atmospheric mercury and its human exposure

Maroda(Site No. 1) (Downwind)

35 L J

30

25

20 75%

15 = 50%

Sampling site
.
*
sampling site

02 2006 2001 1996

year

Power House (Site No. 4) (across wind)

25+

] 0-|<¢95°/°
20 75%

10 l
5] s

*»

25%

\—t
A\

1 & 5%

0.3—- 75%
] \:i:l 50

0.2 . ¥

014 )

=B
1 2006 2001 1996

-0.1 T T T

sampling site
o
N
1
sampling year

year

304
25
20
15
10

5

-
A

\\

Ruabandha (Site No. 2) (Control)

%055,

75%

50%

25% V'S

95%

75%
26%
L 2l 0

=2 B

45 -
40
35
30
25
20
15
10

0.3+
0.2+
0.1+

0.0 1

A))

-0.1

I2006 20|01 1 99|6

year

Bhilai-3 (Site No. 5) (Downwind)

*

T 95%
75%

50%
o

25%

Oy 5%

95%
75%
50%

25%

%
% =

2006 2001 1996

year

Fig. 5. Temporal variation of Total Ambient Hg in selected monitoring programs around Steel plant, Bhilai, India.

No. 1 and 2 has shown more than 100% deviation from mearfrom 95™" percentile of Air-Hg in case of Site No. 4 where

5543

data of PMgo-Hg, while other sites have shown lower trend multiplicity of sources of Hg emission has been observed.
of deviation pattern. In case of Site No. 1, both Air-Hg and Statistical mean of PM-Hg has been projected below %0
PMi0-Hg has shown similar pattern of variation throughout percentile, while it was projected at higher side for Air-Hg in
the sampling period, which indicate the possibility of single both prevailing sites (1 and 5).

source of origin. It is different in case of another prevail-
ing wind site (Site No. 5) where 38 percentile is inversely
projected from mean in box plot statistical graph. Outliers for
PM;0-Hg have been projected close to the®ercentile
levels across all sites except Site No. 5, while it was away

www.atmos-chem-phys.net/10/5535/2010/
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[ Blood-Hg m Urine-Hg o MikcHg | Table 3. Results of Kruskal wallis multiple comparison test of

yearly difference ambient mercury around integrated steel plant,

®
o
|

5 160 Bhilai, India.
g 140 -
S 120 -
£ 100 Area Test period Piyp-Hg
£ 22 Mean differencé p value
g 40 2006-2001 53.02 0.0001
5 ! m [L “ ! “ Overall 2006-1996 55.07 0.0001
=0 o oo “‘t‘EL Al 2001-1996 2.05 0.0001
1 "y ey 2006-2001  7.95 0.0001
subject categories Sitel 2006-1996 8.75 0.0001
Fig. 6. Mercury levels (ug C1) in selected biomarkers of identified 2882_21(?(?16 221 888(1)2
subject categories around an integrated steel plant. Site2 2006-1996 5.14 0.0001
2001-1996 0.93 0.0002
3.2 Exchange phenomena of ambient mercury in 2006-2001 13.86 0.0001
air-particulate inter-phases Site4 ~ 2006-1996 13.99 0.0001
2001-1996 0.13 0.0005
Regression analysis between RMind PMo-Hg alongwith _ 2006-2001  27.02 0.0001
PM;1o-Hg and Air-Hg has been presented in Fig. 4. Inter- Site5 ~ 2006-1996  27.2 0.0001
2001-1996 0.18 0.0003

cept values of regression analysis has explained the contri-
bution of independent variable to dependent variable (Geller
et al., 2002). Due to previous reports of air as principal am-*Mean values in ug m3(n.s.=non significant at=0.05).

bient receptor of mercury emitted from industrial combus-

tion processes (Carpi, 1997), Air-Hg is taken as independenity. Total ambient Hg (Ambient air-Hg+Ambient Pi¢-HQ)
variable in regression between Air-Hg and RMHg. Ithas  has shown comparable spatial variability with Air-Hg lev-
been clearly observed in Site No. 1 (prevailing wind site) thatels. The spatial distribution pattern is similar for all mercury
Air-Hg has not contributed to PM-Hg due to negative in- levels measured in selected ambient matrices. Annual mea-
tercept value and justify the particulate mercury is generatecdsurements of total mercury in selected sampling programs
during combustion process in the plant. In case of other sitefor investigation of temporal variation has been presented in
including another prevailing Site No. 5, Air-Hg has shown Fig. 5. Ambient PMg-Hg around steel plant, Bhilai has been
significant contribution to Plyhp-Hg (10.25%) with positive  increased by a factor of 26 during 2001-2006 compared to
intercept value. Occurrence of this pattern at Site No. 5 might1996—-2001 with a significance level of 0.0001. This might
be due to station of other sources of air-Hg emissions ande due to sharp increase in consumption of mercury bearing
it can also be explained by values of regression between ingredients of raw material during this period. Mean differ-
PM1g and PMg-Hg which is higher at Site No. 5 compared ence of 53.02 has been obtained from yr 2001 to 2006, while
to another prevailing wind Site No. 1. Higher presence ofit was 2.05 from yr 1996 to 2001 with a significance level of
catalytic iron particles at Site No. 3 is responsible for higher0.0001 using Kruskal Wallis test Table 3.

conversion at this site (Borderieux, 2004 and Sharma 2002).

Site No. 3 has shown higher positivévalues due toits close 3.4 Personal exposure and human accumulation

proximity to the plant and has shown 61.32% contribution of pattern of mercury

Air-Hg to PM10-Hg at this site. Itis low in case of Site No. 4 ) )

(9.27%) due to less mass inflow of iron particles towards thisSubjects of Category 1 and 2 have shown higher personal
site. It can also be justifiable by the intercept values of Air- RPM levels compared to proposed prescribed standards
Hg and PMg-Hg regression at Site No. 3 has shown higher ©f PMio (60 Ug_m?) in context to the reported ratio of
contribution from Air-Hg to PM¢-Hg due to multiplicity of ~ PM1o/RPM earlier in the study region (Table 4) (Brook et

local sources of emission. al., 1997). RPM (PM)/PMjg ratio has been evaluated to
be in the range of 0.36-0.62 (Gadkari and Pervez, 2007).
3.3 Spatiotemporal variation pattern of ambient Plant workers have shown 1.5 to 2.5 times higher RPM-
mercury Hg levels compared to Category 2 and 20-30 times higher

than Category 3. All RPM-Hg levels are exceeding very
Spatial variability and distribution pattern across the sites hasiigh compared to proposed permissible level of particulate-
been presented in Table 2. Highest spatial variability hasHg by CPCB (0.003ugm?). Category wise subjects be-
been obtained for Air-Hg levels (88.85%). Rdand PMo- long to plant workers have shown 2—3 times higher levels of
Hg levels have shown comparable values of spatial variabillRPM-Hg compared to Category 2 and 20-40 times higher
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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 of subject S.No. No and type subject RPM (Hg°’)n RPM-Hg (g m*3) R HY (PMmy0)-HIRPM)

(age/sex/smoker/ot)
1 30/m/x/pw 710.1210.05  39.116.22 0.33
2 40/f/x/pw 634.6411.98  30.468:11.51 0.65
3 22/fIxIpw 1038.16:13.23  44.23-12.34 0.25
Cat-1 4 27/mO/pw 915.09:9.16  37.45:4.36 0.69
5 31/f/x/pw 425611518  25.414.42 0.62
6 32/mO/pw 562.45:12.56  27.49-10.6 0.76
7 32/m[/shopkeeper 594 .167.29 17.828.13 0.79
8 26/f/x/teacher 503.0614.69  24.68:12.67 0.62
9 25/f/x/hw 412.5%10.12  17.337.78 0.89
Cat2 10 26/f/x/hw 345.618.72 6.55-3.64 0.6
11 35/mO/w 470.11:9.65 10.83:6.30 0.9
12 26/m0/w 510.43:7.39 7.64:3.36 0.71
13 35/mO/w 576.26:9.51 23.62:5.54 0.86
14 31/f/Ixlteacher 108.164.61 1.1720.69 0.53
15 26/f/x/office 133.725.23 2.08:1.33 0.16
Cat-3 16 42/mix/farmer 348.086.01  3.131.04 0.11
17 25/m/xiw 132.845.96 1.05:0.22 —0.61

* m- male, f- female, x- non-smoker- smoker, pw- plant worker, w-other local work, OC- Occupation, R- Pearson“s” correlation coeffi-
cient.

Table 5. Inter-correlation between mercury data of selected matrices of human exposure-dose study in the vicinity of steel plant, Bhilai.

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

Cat-1 0.55 0.51 0.44 0.26
Tambt-Hg Cat-2 0.76 0.91 0.67 0.92
Cat-3 0.05 —0.06 —7.66 0
Cat-1 0.88 0.69 0.49
RPM-Hg Cat-2 0.77 0.61 0.8
Cat-3 —0.045 —7.155 0
Cat-1 0.7 0.38
Blood-Hg Cat-2 0.7 0.88
Cat-3 0.47 0
Cat-1 0.82
Urine-Hg Cat-2 0.73
Cat-3 0

Tambt-Hg: Total ambient mercury, RPM-Hg: mercury in respirable particulate matter.

than that occur in Category 3 of subjects of uncontaminatedRPM-Hg, urine-Hg and breast milk-Hg levels, respectively.
areas. All RPM-Hg levels have been observed to be higheCategory wise B-Hg of Category 1 has shown 5-6 times
than proposed permissible limits (0.003 pg¥n Blood-Hg and 15-30 times higher levels compared to Category 2 and
levels (B-Hg) have been observed to be very high compare® respectively. Urine-Hg (U-Hg) levels have shown 32-95
to permissible limits (3.0 pgt!) and comparable with pre- times higher than permissible limits (0.5 ugh) compared
viously reported average levels (10-102 id) (Adimado  to that 5.5-8.8 times higher for subjects belong to uncon-
and Baah, 2002) (Fig. 6). In comparison to exposed partaminated areas. Category wise, U-Hg levels of Category 1
ticulate matrix and related biological fluids, blood-Hg levels has shown 2-2.5 times and 8-11 times higher than Cate-
have shown 4-5 times, 2-5 times and 1.5-3 times higher thagory 2 and Category 3, respectively. Previous reported U-Hg
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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  Category of Ambient-Hg RPM-Hg Soil-Hg GW-Hg

matrix Csubjects g2 glope intercept R2  Slope intercept R2  slope Intercept R2  slope  Intercept
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

Blood-Hg 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
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

Urine-Hg 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
Cat-1 0.26 0.25 51.55 0.74 0.61 42.83 0.07 0.22 56.99 0.04 234 59.43

Milk-Hg 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 - - - - - - - - - - - -

GW-Hg: Mercury level in ground water used for drinking purpose.

levels in other regions has been observed to be in the range gfosure matrices. Plant workers of Category 1 have spent 8—
2.0-35.0 ug L1 (Adimado and Baah, 2002). Breast Milk-Hg 10 h in workplace environment and exposed to fugitive emis-
(BM-Hg) levels of affected subjects from steel plant emis- sions stored with high mercury content resulting in occur-
sions have shown 13-21 times higher than permissible lim+ence of higher correlation of personal RPM-Hg with B-Hg
its (3.0 ug 1) compared to subjects belong to uncontami- while subjects of Category 2 (local residents) were mostly
nated areas that shown similar levels as reported for permisexposed to environmental mercury through ambient route.
sible limits. It has also been observed that BM-Hg is signifi- Results have shown that personal RPM-Hg has given 23%
cantly higher than previously reported levels (10-25p)L  contribution to B-Hg alongwith ambient-Hg of 10.82%, soil-
(Sharma and Pervez, 2005; Saleh et al., 2003; and Srivastavilg of 7.3% and GW-Hg of 3.5%. Remaining 55% contri-

2003). bution might be from other sources. Ambient-Hg has shown
57.49% contribution of B-Hg in case of subjects belong to

3.5 Dominance evaluation of major human exposure Category 2 with personal RPM contribution of 43.92%, Soil-
routes of mercury Hg of 31.56% and GW-Hg of 9.14%. Subjects belong to Cat-

) . egory 3 were residing in totally uncontaminated area from
Inter-correlation coefficients between Hg data of selectedyiag| of any other industrial emissions. They have shown
exposure-biomarkers matrices have been presented in Tgp4¢ soil-Hg is dominating route of B-Hg (64.64%) along-
ble 5. Total ambient mercury levels (T-amt-Hg) has shownyith Gw-Hg of 22.73% due to their pattern of daily farming
positive correlation with RPM-Hg and Hg levels measured gcyyities. Lower personal RPM-Hg contribution (11.90%)
in biomarkers human fluids of subjects belong to Categpry 2compared to Soil-Hg is due to the fact that subjects spent
compared to other category. RPM-Hg has shown highetyer time at various microenvironments apart from farms.
strong positive correlatlpn with all biomarkers matrices (B- Urine-Hg has also shown similar pattern of relationship
Hg, U-Hg and BM-Hg) in case of Category 1 compared 10 ity routes of exposure matrices as observed in case of B-
Category 2. Positive inter-correlation between blomarkerng_ Dominating exposure route of Urine-Hg for subjects
matrices has been obtained and justifies the similar source qfs Category 1 has been observed to be personal RPM-Hg
accumulation of mercury. o (51.94%) compared to other routes (Ambient-Hg of 25.37%,

Regression analysis of mercury data between identified eX50il-Hg of 24.32% and GW-Hg of 20.61%). In case of Cat-
posure matrices and reported biomarkers among subjects afyory 2 order of dominance of routes of urine-Hg is differ
fected py steel plant emissions alongwnh.subjects from un+ith B-Hg. After the highest contribution (64.21%) from
contaminated areas has been presented in Table 6. Paramgmpient-Hg, Soil-Hg has shown dominance with contribu-
ters (mt(_arcept _and slop_e) qf regression analysis were utilizegion, of 51.78% compared to personal RPM-Hg (35.83%) and
to identify major dominating routes of mercury exposure gy.Hg (0.52%). It showed that Soil-Hg is one of the major
among subjects residing in the vicinity of steel plant. It has oo ntriputors of Urine-Hg of subjects residing around the steel
been observed that mercury biomarker have shown differjnqystry apart from steel plant emissions. Subjects from un-
ent pattern of correlation with their exposure matrices among.qntaminated area (Category 3) have shown that urine-Hg is

identified categories of subjects. B-Hg has shown that Cate:c,trongly affected by soil-Hg (90.53%) through the personal
gory 1 is more tuned to RPM-Hg compared to Ambient-Hg, RpM route (73.37%).

while it was reversed in case of Category 2. Category 3 have
shown more prone towards soil-Hg compared to other ex-
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Beast milk mercury content (BM-Hg) has not shown ma- Higher occurrence of personal RPM and its mercury con-
jor route of selected exposure matrices in case of Category ltent at inhabitants of steel plant compared to control site has
Ambient-Hg has shown 14.04% contribution alongwith per- justified the significant impact of strong conversion of vapour
sonal RPM-Hg of 28.67%, Soil-Hg of 5.1% and GW-Hg mercury to particle phase. Human accumulation status of
of 1.0%. In case of Category 2, dominating contribution mercury among inhabitants of steel plant is at alarming sit-
through personal RPM has been obtained, while ambient hagation. About ten folds higher mercury presence in blood,
shown 33.04%, Soil-Hg contributed 28.29% and GW-Hg hasurine and breast milk compared to subjects belong to con-
shown 18.84%. trol site has been observed. Apart from personal RPM, wa-
ter consumption has also shown significant route of pollutant
exposure through ingestion. Personal RPM is the receptor of
various routes of particulate matter from indoor microenvi-
ronments to ambient air. Ambient Riyhas also been cho-

National Ambient Air Quality Standards in India has been : o
. ; sen as one of the exposure route due to its potentiality around
presented in last decade and proposal of mercury as air born

pollutant has been included within last two years. Most of Seel plant. Soils as major natural source of fine particulate in

studies conducted in the field of air borne mercury monitor-SUb-trOplca1| region have also been chosen as one of the ma-

; . . . jor routes of exposure. It has been observed that workers of
ing are focused on regional scale and mainly covering ur- ; ) :
. . ; teel plant are majorly contaminated with personal RPM due

ban areas. Studies around chlor-alkali industries and therm o 7 o .
o lots of fugitive emissions happen within plant premises.

power plants have also been conducted in few places of IndlaSubjects; belong to control/uncontaminated site are mostly

A major research project focused on spatiotemporal varia- ; :
. ) . .~ contaminated by soils and ground water.
tion and impact assessment of anthropogenic mercury in the

vicinities of selected coal-fired industries, sponsored by Min- ocknowledgementauthors are grateful to Ministry of Environ-
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