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Preface

During the last decade the importance of environmental issues related to mercury
released to the atmosphere by major anthropogenic sources, which include, but are
not limited to, power plants for energy production and a variety of industrial plants,
has gained growing attention for their effects on human health and ecosystems.

In this framework the UNEP Mercury Programme started, beginning in 2002, a
process to assess to what extent contamination by mercury released from anthropo-
genic and natural sources may affect human health and ecosystems. A number of
concerted initiatives have been undertaken on a global scale to assess the current
state of our knowledge regarding atmospheric mercury emissions and transport,
its deposition to and evasion from terrestrial and aquatic ecosystems, and also to
evaluate the relative contributions of natural and anthropogenic sources to the glo-
bal atmospheric mercury budget. At the beginning of 2005 the Governing Council
of the United Nations Environment Programme (UNEP-GC) urged (Decision 23/9
IV), governments, inter-governmental and nongovernmental organizations and the
private sector to develop and implement partnerships as one approach to reducing
the risks to human health and the environment from the release of mercury and its
compounds, by improving global understanding of international mercury emission
sources, fate and transport. In this framework, the UNEP Global Partnership for
Mercury Air Transport and Fate Research (UNEP-MFTP) was initiated in 2005
aiming to encourage collaborative research activities on different aspects of atmos-
pheric mercury cycling on local to hemispheric and global scales.

Members of the UNEP-MFTP are, Italy (lead), Canada, Japan, South Africa,
United States, Electric Power Research Institute (EPRI), Natural Resources
Defence Council (NRDC) and UNEP. Since 2005, the UNEP-MFTP has met four
times. The first meeting was held in Madison, Wisconsin in conjunction with the
8™ International Conference of Mercury as a Global Pollutant, followed by the
meeting in Gatineau, Quebec, Canada (9-10 January 2007) which aimed to dis-
cuss and define the elements included in Decision 23/9 IV. A 3" meeting was held
in Washington, D.C. on 10-11 October 2007 to review the Business Plan of the
UNEP-MFTP, which was submitted (February 2008) to UNEP Chemicals, whereas
the 4™ meeting of the partnership was held in Rome (7-11 April 2008) in conjunc-
tion with the international workshop jointly organised by the UNEPMFTP and the
Task Force on Hemispheric Transport of Air Pollution (TF HTAP) of the UNECE
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Convention on Long-Range Transboundary Air Pollution, in which leading sci-
entists from all over the world presented their contributions to the UNEP-MFTP
Technical Report.

This book is the technical report the UNEP-MFTP provided to UNEP
Chemicals, governments, inter-governmental and non-governmental organisations
as well as the private sector, as a contribution to the ongoing work within the Open-
Ended Working Group (OEWG) in charge of preparing the input to the next UNEP
Governing Council. The book highlights major issues related to the interactions
of mercury with terrestrial and aquatic ecosystems, and evaluates the relative con-
tribution of anthropogenic and natural sources to the global atmospheric mercury
budget. The preparation of this report has been made possible thanks to the con-
tributions of all the members of the UNEP-MFTP, and of more than 70 scientists
from leading universities and research institutions recognised as worldwide experts
on different aspects related to the emissions, monitoring and modelling of mercury
in the atmosphere and other environmental compartments. The draft of this report
was delivered to UNEP Chemicals in February 2008 as a contribution to the Open-
Ended Mercury Working Group of UNEP Chemicals (meeting held in Bangkok in
November 2008) and to the UNEP Governing Council (meeting held in Nairobi,
February 2009).

Dr. Nicola Pirrone

Chair of the UNEP-MFTP
CNR-Institute for Atmospheric Pollution
Rome, Italy
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Part I
Sources of Mercury Released
to the Global Atmosphere



Chapter 1
Global Mercury Emissions to the Atmosphere
from Natural and Anthropogenic Sources

Nicola Pirrone, Sergio Cinnirella, Xinbin Feng, Robert B. Finkelman,
Hans R. Friedli, Joy Leaner, Rob Mason, Arun B. Mukherjee,
Glenn Stracher, David G. Streets, and Kevin Telmer

Summary This chapter provides an up-to-date overview of global mercury emissions
from natural and anthropogenic sources at country and regional/continental scale.
The information reported in Chapters 2—8 is the basis of the assessment reported
in this chapter, however, emissions data related to sources and regions not reported
in chapters 2-8 have been derived, to the extent possible, from the most recent
peer-reviewed literature and from official technical reports. Natural sources, which
include the contribution from oceans and other surface waters, rocks, top soils and
vegetation, volcanoes and other geothermal activities and biomass burning are
estimated to release annually about 5207 Mg of mercury, part of which represent
previously deposited anthropogenic and natural mercury from the atmosphere to
ecosystem-receptors due to historic releases and part is a new contribution from
natural reservoirs. Current anthropogenic sources, which include a large number
of industrial point sources are estimated to release about 2909 Mg of mercury on
an annual basis, the major contribution is from fossil fuel-fired power plants (1422
Mg yr'), artisanal small scale gold mining (400 Mg yr'), waste disposal (187 Mg
yr'), non-ferrous metals manufacturing (310 Mg yr') and cement production (236
Mg yr'). Our current estimate of global emissions suggest that summing up the
contribution from natural and anthropogenic sources nearly 8116 Mg of mercury
is released annually to the global atmosphere. The evaluation of global emissions
presented in this report differs from previous published assessments because in the
past, emissions from several sources, i.e., forest fires and coal-bed fires have not
been accounted for, and also because of improved knowledge of some anthropogenic
and natural sources (i.e., emissions from oceans, vegetation) as suggested by the most
up-to-date literature.

1.1 Introduction

Mercury is ubiquitous in the atmosphere, it has ground level background concentra-
tions which are almost constant over hemispheric scales; the southern hemisphere
having a slightly lower concentration than the northern. Recent measurements of

N. Pirrone and R. Mason (eds.), Mercury Fate and Transport in the Global Atmosphere, 3
DOI: 10.1007/978-0-387-93958-2_1, © Springer Science + Business Media, LLC 2009
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free tropospheric air, from high altitude sites and from measurements made on
board aircraft indicate that its concentration changes little up to the tropopause. In
the stratosphere mercury has been identified associated with the stratospheric aero-
sol. The transport of mercury, therefore, occurs in the boundary layer, in the free
troposphere and stratosphere; the fate of mercury, therefore, is determined by the
different chemical environments that these regions of the atmosphere represent, the
different physical and meteorological processes which occur in them and also by
exchange between them (Pirrone et al., 2000; Pirrone et al., 2005; Hedgecock
et al., 2006; Lindberg et al., 2007).

The impact of energy resources exploitation, especially fossil fuel exploita-
tion, on ecosystems in terms of mercury contamination is threefold. Firstly,
because fossil fueled power plants are the highest emitting anthropogenic emis-
sion source of mercury to the atmosphere. Secondly, because the other pollutants
emitted as a result of fossil fuel exploitation, such as NOX and SOZ, have an
impact on the atmospheric chemistry of mercury and influence its deposition
patterns. While the previous two impacts are observable in the short term, the
third is the medium to long term impact that exploitation of fossil fuels has on
atmospheric mercury cycling, as a result of the release of greenhouse gases
which contribute to climate change (Hedgecock and Pirrone, 2004; Eisenreich
et al. 2005).

Improved information on emissions, particularly emissions in Europe and North
America, have contributed to further progress in assessment of the regional impacts
of mercury on terrestrial and aquatic environments (Pirrone et al., 2001a). Major
international activities to assess source - receptor relationships for mercury in the
environment are developed as part of international conventions (i.e., UNECE-
LRTAP, OSPAR, HELCOM) and programmes (i.e., past EU funded projects,
ACAPs, MERSA, UNEP). Policy makers in Europe have also taken the advantage
of improved information on emissions to assess the effectiveness of measures
aimed to reduce the impact of this highly toxic contaminant on human health and
ecosystems. Following the preparation of the EU Position Paper on Ambient Air
Pollution by mercury (Pirrone et al., 2001c¢), the EU adopted the European Mercury
Strategy which is aimed to phase out the use of mercury in goods and industrial
applications and reduce to the extent possible mercury emissions to the atmosphere
from fossil fuels power plants and industrial facilities. In 2002 UNEP Chemicals
released the first assessment (Global Mercury Assessment Report, GMA) on global
mercury contamination (UNEP, 2002). Since then, a number of activities have been
developed in order to support the achievement of objectives set by the UNEP
Governing Council (decisions 23/9 IV in 2005 and 24/3 IV in 2007) to continue and
elaborate possible strategies and mechanisms aimed to phase out the use of mercury
in a wide range of products and reduce, to the extent possible, the emissions from
industrial plants.

The aim of this chapter is to provide an overview of mercury emissions to the
atmosphere from major natural and anthropogenic sources during the last decade in
each region of the world.
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1.2 Mercury Emissions from Natural Sources

Natural sources of mercury released to the atmosphere include volcanoes, soil and
water surfaces, weathering processes of Earth crust and forest fires. Contributions
vary in time and space depending on a number of factors including the presence of
volcanic belts or geothermal activities, geological formations with high mercury
concentration like cinnabar deposits, exchange processes between water and
atmosphere, re-emission of previously deposited mercury from top soils and plants
and forest fires (Pirrone et al., 2001b; Mason, 2008).

The ratio between the relative contributions of anthropogenic and natural
source categories may vary within a region and time of the year. On a global scale
the contribution from industrial sources have been found ranging between 1660
and 2200 Mg yr! (Pirrone et al., 1996; Pacyna et al., 2003, 2006b), whereas emis-
sions from natural processes (which include emissions due to natural emissions as
well as re-emissions of historic anthropogenic mercury) have been indicated as the
major contribution (up to 60% of the total) to the global atmospheric mercury
budget (Pirrone et al., 1996; 2001b). Among natural sources the emission from
volcanoes, forest fires and surface waters represent a significant contribution and
also emissions from contaminated soils in ancient mining industrial areas or
particular geologic units rich in Hg (i.e. capgaronnite, cinnabar, cordierite) can
also be significant (e.g., Ferrara et al., 1998; Ferrara et al., 2000a; Ferrara et al.,
2000b; Gustin et al., 2002). Current estimate of mercury emissions from natural
sources, without considering the contribution from biomass burning, is estimated
to be 4532 Mg yr! (Mason, 2008).

1.2.1 Volcanoes and Geothermal Activities

The contribution of volcanoes, which may be an important source at the local
scale, varies over time depending if they are in the degassing or eruption phase.
Mercury is emitted from volcanoes primarily as gaseous Hg” and the Hg/SO, ratio
is generally adopted to estimate mercury emission, although it is very controver-
sial because of the paucity of relevant data and the orders of magnitude variation
in all data types (Nriagu and Becker, 2003; Pyle and Mather, 2003; Mather and
Pyle, 2004). In our estimate an Hg/SO, ratio of 1.18 10~ for erupting volcanoes,
1.16x10° for continuously degassing volcanoes and 5.88x10° for ash rich
plumes has been used (Ferrara et al., 2000b; Nriagu and Becker, 2003; Mather
and Pyle, 2004).

Mercury emissions from calderas may represent an important natural source of
mercury. The Phlegrean fields (Pozzuoli, Italy) have been monitored with a LIDAR
system and steam fluxes of Hg associated as Hg-S complexes were in the range of
0.9 to 4.5 g day"!' (Ferrara et al., 1998). Concentrations in condensed steam fluxes
reported by Ferrara et al. (1994) were in the range of 2 to 690 ng m™.
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On average, volcanoes and geothermal activities release to the atmosphere ~90
Mg yr! of mercury (Mason, 2008), accounting for about< 2% of the contribution
from natural sources.

1.2.2 Water Surfaces

Several studies suggest that the evasion of elemental mercury from surface waters is
primarily driven by (1) the concentration gradient of mercury between top-water
microlayer and air above the surface water, (2) solar irradiation, which is responsible
for the photo-reduction of oxidised mercury in the top-water microlayer and (3) the
temperature of the top-water microlayer and air above the surface water (air-water
interface) (Pirrone et al., 2003; Pirrone et al., 2005; Hedgecock et al., 2006).

The evasion of mercury from lake surfaces is generally higher than that observed
over the sea. Average emission rates in the North Sea were found in the range of
1.6 to 2.5 ng m? hr! (Cossa et al., 1996), whereas higher values (5.8 ng m? hr')
have been observed in the Scheldt outer estuary (Belgium) and over lakes in
Sweden (up to 20.5 ng m? hr'). In open sea, mercury emission rates were much
lower (1.16-2.5 ng m? hr') and less variable between day and night, though
dissolved mercury concentrations in the top water microlayer (6.0 ng L'!) were very
similar to that observed in unpolluted coastal areas. On average, coastal waters and
Mediterranean Sea have the highest evasional flux with 1.83 and 1.96 ng m? hr?,
respectively, while internal waters show a maximum net evasion of 2.39 ng m?hr'!
(Pirrone et al., 2003; Hedgecock et al., 2006).

Mason (2008) (Chapter 7 of this report) reports recent estimates of mercury
evasion from ocean basins and lakes, which account for 2778 Mg yr! of net evasion
to the atmosphere (Table 1.1). The estimated contribution of the Mediterranean Sea

Table 1.1 Summary of gaseous mercury fluxes for oceans and lakes (from Chapter 7)

Net Evasion (average)

Region (Mg yr') Ratio'(%)
Atlantic Ocean 840 18.5
Pacific and Indian Ocean 1700 37.5
Antarctic Ocean 12 0.3
Mediterranean 70* 1.5
Coastal waters 60 1.3
Lakes 96 2.1
Total 2778 -

*as estimated by Hedgecock et al., (2006)
!calculated over the total evasion from natural sources which sum 4532 Mg yr!
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was updated to 70 Mg yr! on the basis of recent measurements/modeling estimates
done by Hedgecock et al. (2006). Hedgecock et al. (2006) compared measured mercury
concentrations in air and modelled total deposition flux over the Mediterranean Sea
on a monthly basis (Figure 1.1) to obtain monthly total emissions from and deposition
fluxes to the Mediterranean Sea (Figure 1.2).
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Figure 1.1 Modeled annual total deposition flux in g km™ (equivalent to ng m) over the modeling
domain (from Hedgecock et al., 2006)
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Figure 1.2 Modeled monthly total emission and deposition fluxes (I fon = I Mg) to the Mediterranean
Sea (from Hedgecock et al., 2006)
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1.2.3 Rocks, Soils and Vegetation

Mercury emissions from top soils and vegetation are significantly influenced by
meteorological conditions, historical atmospheric deposition and type of vegetation
and top soil. Mercury fluxes from unaltered or background sites in North America
have been observed in the range of -3.7 to 9.3 ng m hr' (Nacht and Gustin, 2004)
and are similar to other locations in which substrate contains background levels of
Hg (Zhang et al., 2001). In altered geologic sites the mercury fluxes range from
15.5 £ 24.2 ng m" hr' (Nacht and Gustin, 2004), without considering a calcine
waste that show a flux of 3334 ng m™' hr .

Mercury in vegetation originates from several mechanisms, including the uptake
from the atmosphere, atmospheric deposition to foliage and uptake from roots (Rea
et al., 2002); however, the proximity of vegetation to natural or anthropogenic
sources (hot spots or contaminated sites) may increase its mercury content (Lodenius,
1998; Carballeira and Fernandez, 2002; Lodenius et al., 2003). The total mercury
concentration observed in conifer sap flow is around 12.3-13.5 ng L'! (Bishop et al.,
1998), while the uptake of ground vegetation shows highest accumulation values in
roots (82 -88%) followed by rhizome (8- 17%) and leaf (0.03-4%), highlighting the
barrier function for the transport of inorganic mercury (Cavallini et al., 1999; Patra
and Sharma, 2000; Schwesig and Krebs, 2003) and showing that almost all of the
mercury in foliar tissue is originated from the atmosphere (Eriksen et al., 2003;
Eriksen and Gustin, 2004). Summing up all the net evasional fluxes for all regions,
the total net mercury evasion is 1664 Mg yr' (Mason 2008) (Table 1.2).

1.2.4 Biomass Burning

As a consequence of mercury content in vegetation, mercury emissions from biomass
burning are significant (Veiga et al., 1994; Carvalho et al., 1998; Roulet et al., 1999;
Friedli et al., 2001, 2003; Sigler et al., 2003; Pirrone et al., 2005). Their contribution
is not often well considered in regional emissions estimates especially in very dry
regions such as the south Mediterranean and several countries of Africa, which
may represent an important contribution to the global atmospheric mercury budget

Table 1.2 Summary of mercury fluxes from terrestrial regions (from Chapter 7)

Region Net Evasion (average) (Mg yr’)  Ratio'(%)
Forest 342 7.5
Tundra/Grassland/Savannah/Prairie/Chaparral 448 9.9
Desert/Metalliferrous/ Non-vegetated Zones 546 12.0
Agricultural areas 128 2.8
Evasion after mercury Depletion Events 200 44
Total 1664 -

!calculated over the total evasion from natural sources which sum 4532 Mg yr’
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(Veiga et al., 1994; Carvalho et al., 1998; Friedli et al., 2001; Friedli et al., 2003,
Cinnirella and Pirrone, 2006; Wiedinmyer and Friedli, 2007; Cinnirella et al., 2008).

The mercury released to the atmosphere from vegetation is primarily related to
mercury concentrations in foliage, the forest combustion efficiency and the efficiency
of mercury released to the atmosphere. Mercury released to the atmosphere during a
fire is strongly controlled by the mercury substrate concentration, light intensity and
temperature (Ferrara et al., 1997; Engle et al., 2001; Zehner and Gustin, 2002). Field
measurements in forests suggest that mercury release from the top soil during a fire
is primarily dependent upon the increase of temperature caused by the activation of
complex flux processes from the lower to the upper soil horizons (Iglesias et al.,
1997), leading to an Hg flux of 1 to 5 mg m? (Woodruff et al., 2001).

Table 1.3 reports the estimate of mercury emissions form biomass burning at
regional scale. A recent estimate suggests that on global scale nearly 675 Mg of
mercury are released to the atmosphere every year (annual average for the period

Table 1.3 Mercury emissions from biomass burning (from Chapter 8) compared with that reported
in literature

Total Hg Avg. Avg. fuel
release burnt area  consumption
Forest (Mg yr) (10%a yr™") (Tg yr™) Reference
Temperate/Boreal
Canadian boreal 3.5 2.3 55 Sigler et al., 2003
Russian boreal 13.3 2.1 119 Cinnirella and
Pirrone, 2006*
Russian boreal 16.1 (3.4-24.8) 39 260 Cinnirella and
Pirrone, 2006°

Temperate/ Mediterranean 2.4 (0.9-3.6) 0.5 46 Cinnirella and

(Europe) Pirrone, 2006*
Mediterranean 2.3 (0.4-4.0) 0.5 45 Cinnirella and

(Europe/Africa) Pirrone, 2006*
Mediterranean 4.3 0.4 366 Cinnirella et al.,

(Europe/Africa) 2008
Temperate/boreal 59.5 - 530 Friedli et al., 2003
Boreal forests 22.5 5.0-15.0 240 Sigler et al., 2003
Tropical
Tropical (Amazonian) 88.0 3.0-5.0 1404 Veiga et al., 1994
Tropical (Amazonian) 17.0 1.5-2.1 486 Lacerda, 1995
Tropical (Amazonian) 6.0-9.0 2.0-3.0 843 Roulet et al., 1999
World
All forests 20.0 - - Nriagu, 1989
All forests 930 (510-1140) - 621 Brunke et al., 2001¢
All forests 590 (380-1330) - 3460 Brunke et al., 2001¢
Global biomass burning 675 + 240 332 Friedli et al., 2008

Derived from:

2Ground-based data (1996-2002)
"Remote sensing data (1996-2002)
‘Hg/CO emission ratio

4Hg/CO2 emission ratio
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1997-2006), which accounts for about 8% of all current anthropogenic and natural
emissions (Friedli et al., 2008).

1.3 Mercury Emissions from Anthropogenic Sources

Mercury is released to the atmosphere from a large number of man-made sources which
include fossil fuels fired power plants, ferrous and non-ferrous metals manufacturing
processes, chemicals production, processing of ores and waste disposal facilities
and cement plants (Table 1.4).

Fossil fuels used in electric power generation facilities, especially those that use
coal, is the largest source category of mercury released to the atmosphere, though
other emission sources provide an important contribution in many regions of the
world (Figure 1.3).

1.3.1 Anthropogenic Emissions by Source Category

The combustion of fossil fuels, roasting and smelting of ores, kilns operations in
cement industry as well as uncontrolled incineration of urban and industrial wastes
and production of certain chemicals release several volatile trace contaminants,
such as mercury, into the atmosphere.

1.3.1.1 Coal and Oil Combustion, Wood and Wood Wastes
Coal represents the primary fuel in electrical power generation facilities, accounting

for approximately 43% of total fuel used worldwide (EIA, 2008). Although it is
very difficult to generalize on the mercury concentration in coal, the literature data

Table 1.4 Main source categories of mercury released annually in the environment

Releases from mobilisation Releases from intentional Releases from waste treatment,
of mercury impurities extraction and use of mercury cremation etc.
Coal-fired power and heat ~ Mercury extraction Waste Incinerators
production plants
Energy production from Artisanal gold mining Landfills
other fuels
Cement production Caustic soda production Cremation and cemeteries
Mining and other Use of fluorescent
metallurgic activities lamps,instruments and dental
amalgam fillings
Traffic activity (Gasoline, Manufacturing of products
diesel, kerosene, containing mercury

biofuels)
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Figure 1.3 Global mercury emissions to the atmosphere by source category in 1995 and 2000 (based
on Pacyna et al., 2003; Pacyna et al., 2006b). SC: stationary combustion; NFMP: non-ferrous metal
production; PISP: pig-iron and steel production; C: cement production; CS: caustic soda production;
MP: primary mercury production; G: gold production; WD: waste disposal; O: other sources

indicate that the mercury concentrations in coals vary between 0.01 and 1.5 g per
Mg of fuel and that the concentration of mercury is somewhat lower in lignites than
in bituminous and sub-bituminous coals (see Table 1.9 for details). But the lower
heating values of lignite than bituminous and sub-bituminous coals may increase
its consumption to generate an equivalent amount of energy and thus may release
more mercury into the atmosphere (Tewalt et al., 2001). It should be noted, moreover,
that concentrations of mercury within the same mining field may vary by one order
of magnitude or more (Mukherjee et al., 2008a).

Canada, most European countries and Japan have regulations limiting emis-
sions of various pollutants from coal fired power plants which help limit mercury
emissions in these countries. In the United States currently there are no regulations
for power plants that specifically target mercury emissions (because the Clean Air
Mercury Rule (CAMR) was recently vacated by the courts), but there are regula-
tions for other pollutants (such as SOx), which assume some mercury reductions
as a co-benefit. Also, regulations in other countries often do not specifically target
mercury emissions but rather may control SOx, particulate matter, etc., releases
and as a co-benefit get some mercury emission reduction. Countries such as China,
India, Russia and other countries of the Former Soviet Union (FSU), are taking
some measures to reduce emissions from coal burning, but they have actually not
been very effective. However, Russia, other countries of the FSU as well as other
countries in Eastern Europe have decreased coal burning, in part because of
depressed economies, but also because of shifts of energy production from coal to
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natural gas (Sznopek and Goonan, 2000). Wood and wood wastes are used as fuel
in both industrial and residential sectors. In the industrial sector, wood waste is
fired in industrial boilers to provide process heat, while wood is used in fireplaces
and wood stoves in the residential sectors with no emission control technology.
Insufficient data are available, however, to estimate the typical mercury content of
wood and wood wastes.

Oil burning, as part of fossil fuels, is a contributor to mercury emissions to the
global atmosphere, though it accounts for a much less amount compared to coal.
The top five consumers of oil for power generation facilities include the United
States, Japan, Russia, China and Germany. Relatively large volumes of distillate
and residual oils are burned each year in the World. These fuels are used by utilities,
commercial and industrial boilers (which, depending on their size, may be fired by
either residual or distillate oils or a combination thereof) and residential boilers.
Fuel oils contain trace amounts of mercury which occurs naturally in crude oils at
levels that are very variable and which may relate to the specific source. These values
range from 0.007 to 30 g Mg™', with a typical value being 3.5 g Mg (USEPA,
1993; Pirrone et al., 2006; Mukherjee et al., 2008a). It is expected that mercury
concentrations in residual oils are higher than those found in distillate oils, being
the latter produced at an earlier stage in oil refineries. Heavier refinery fractions,
including residual oils, contain higher quantities of mercury.

Natural gas may contain small amounts of mercury but the element is normally
removed from the raw gas during the recovery of liquid constituents as well as during
the removal of hydrogen sulfide. Therefore, it is assumed that mercury emissions
during the natural gas combustion are insignificant (Pirrone et al., 1996; Pirrone
et al.,1998; Pirrone et al., 2001c¢).

The most updated estimate (referred to 2000) of atmospheric releases of mercury
from stationary combustion of fossil fuels is reported in (Table 1.5) (Pacyna et al.,
2006b). Values should be intended with a +25% uncertainty as recently suggested
by Swain et al. (2007). A most recent assessment is being prepared as a part of the
AMAP/UNERP report. New estimates for selected countries (see Table 1.29) show
640 Mg yr! of mercury released to the atmosphere

Table 1.5 Global atmospheric releases of mercury from stationary combustion of
fossil fuels for the year 2000 (Pacyna et al., 2006b)

Continent Stationary combustion (Mg yr”)
Europe 88.8

Africa 205.2*

Asia + Russia 905.2

North America 79.6

South America 31

Australia and Oceania 112.6

Total 1422.4

“Despite the data is reported in the cited paper, it has been recognized as a mistake
because the erroneous reference used (Finkelman R.B., personal communication).
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1.3.1.2 Petrol, Diesel and Kerosene

Mercury emission from mobile sources has been reported as an important source for
which there are few estimates (EPA, 1997). However, recent estimates in the United
States indicate that the overall emissions quantities are relatively small compared to
many other categories. For example, in the U.S. EPA National Emissions Inventory
(NEI) for year 2002, it is reported that less than 1 Mg of mercury per year is emitted
from mobile sources in the U.S.A., which is less than 1% of the total mercury emission
of the country. Nevertheless, a significant effort has been made to assess mercury
emissions from vehicular traffic (Liang et al., 1996; Wilhelm and Bloom, 2000;
Wilhelm 2001; Hoyer et al., 2004; Conaway et al., 2005; Landis et al., 2007).
Mercury concentrations in petroleum and refined petroleum products are sum-
marized in Table 1.6. In addition, emission factors for elemental, vapor-phase mercury
plus particulate mercury for the light-duty gasoline vehicles have been found ranging

Table 1.6 Mercury concentration in crude oil and refined products of different geographic origin
(from Wilhelm and Bigham, 2001)

Range Mean St.Dev
Product (ng g™ (ngg? (ngg’) Origin Reference
crude oil 1-7 4 Liang et al, 2000
crude oil 0.1-12 <1 Asia Tao et al., 1998
crude oil NDi-1560 146 North America Magaw et al., 1999
crude oil 1.0-3.2 1.7 Africa Morris, R., 2000
crude oil 2.4-5.7 4.3 Middle East Morris, R., 2000
crude oil 1.9 1.9 Canada Morris, R., 2000
crude oil 2.5-93 5 North Sea Morris, R., 2000
crude oil 0.1-2.7 1.4 Mexico Morris, R., 2000
crude oil 0.8-12.3 52 South America Morris, R., 2000
crude oil 3.1 3.1 n.a. Morris, R., 2000
crude oil <2-9 1.6 Canadian Duo et al., 2000
refineries
light distillates 0.1 2.8 n.a. Wilhelm and Bigham,
2001
utility fuel oil 0.7 1.0 n.a Wilhelm and Bigham,
2001
Gasoline 0.72-3.2 1.5 n.a. Liang et al., 1996
Gasoline 0.22-1.43 0.7 n.a. Liang et al., 1996
Gasoline 0.08-1.4 0.50 0.40 n.a. Conaway et al., 2005
Diesel 0.4 n.a. Liang et al., 1996
Diesel 2.97 n.a. Liang et al., 1996
Diesel 0.034 0.026 n.a. Kelly et al., 2003
Diesel 0.05-0.34 0.15 0.06 n.a. Conaway et al., 2005
Kerosene 0.04 0.04 U.s. Liang et al., 1996
Heating oil 0.59 0.59 uU.S. Liang et al., 1996
Light distillates 1.32 2.81 U.S. Bloom, 2000
Asphalt 0.27 0.32 U.S. Bloom, 2000
Naphtha 3-40 15 Asian Olson et al., 1997
Naphtha 8-60 40 uU.S. Olson et al., 1997
Petroleum coke  0-250 50 0.05 U.S. USEPA, 2001
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from 2.47 to 11.44 ng L™ and from 70.92 to 123.84 ng L' for diesel vehicles (Hoyer
et al., 2004). Experiments suggest that some of the factors influencing mercury emis-
sions from mobile sources include oil consumption, driving conditions (including
brake wear) and fuel consumption. In contrast, Landis et al. (2007) have measured
62 ng L' of mercury released from diesel powered vehicles and 284 ng L' from
petrol powered vehicles (regular grade gasoline 89 octane). Gasoline vehicles were,
therefore, found to be a significant source of Hg’, RGM and Hg(p).

Field measurements in S. Francisco Bay (USA) indicate that petroleum products
contribute with 0.7-13 kg yr' of mercury (3% of the total in the Bay) to the envi-
ronment (Conaway et al., 2005). While on a national basis the mercury tailpipe
emissions (based only on fuel mercury content) from on road motor vehicles was
estimated in 148 kg yr!' (Landis et al., 2007).

A very conservative global assessment on mercury emission from petroleum
fuel consumption for 2000 has been done by considering emission factors reported
by Landis et al. (2004) and the world consumption of petrol (1060.436 Gigalitres)
and diesel (622.417 Gigalitres) (IEA, 2006).

Petrol combustion contributed with 238 kg yr' (121-281 kg yr!) of mercury
emission while diesel contributed with 140 kg yr' (71-209). The total mercury
emission was around 378 kg yr' (192-564 kg yr') with a growing trend due to the
increase of gasoline and diesel consumption. On a country basis, North America
released 156 kg, Asia 94 kg and Europe 80 kg (Figure 1.4).
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Figure 1.4 Global mercury emissions to the atmosphere by petrol and diesel consumption in 2000
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The global contribution to atmospheric emission from petroleum fuels combustion
represented 0.015% of the total anthropogenic emission. It should be kept in mind
that these estimates are very conservative because not all countries are reported in the
EIA database and because fuel consumption in the fishing industry and for military
use is not included in the database. In addition, the contribution form biodiesel
consumption is not considered in this assessment.

1.3.1.3 Iron-Steel Manufacturing

Emissions of mercury from primary and secondary pig iron and steel manufacturing
are very much related to the overall production of these industrial goods and the
efficiency of emission control measures. For selected countries, around 43 Mg of
mercury per year are released to the environment and no major changes in the mercury
emissions have been reported for this sector during the 1990 and beginning of 2000
(Pirrone et al., 2001b; Pacyna et al., 2006b). Asia (14.4 Mg yr'), Europe and North
America (12.5 Mg yr! each) are the major emitting regions.

1.3.1.4 Primary & Secondary non-ferrous Metal Smelters

Mercury appears as an impurity of copper, zinc, lead and nickel ores as well as in
gold ores. The production of these metals are known to be large sources of mercury
released to the atmosphere, especially in developing countries (UNEP, 2002; Jones
and Miller, 2005; Telmer and Vega, 2008). As shown in the GMA report, emissions
of about 170 Mg per year from this sector can be considered as an underestimate.

Trends in non-ferrous metal production by different processes, with a special
focus on new emerging economies, are leading to an increase of mercury releases
to the atmosphere. Combustion temperature in boilers, furnaces and roasters are
key parameters affecting the amounts of mercury released into the atmosphere as
well as the chemical form and particle size distributions (Pirrone et al. 1996; Pirrone
et al. 2001c; ZMWG, 2007).

It is very difficult to discuss the average content of mercury in the copper, zinc, lead,
nickel and gold ores as very little information is available in the literature. However,
some estimates are available, such as concentrations in gold ores (Jones and Miller,
2005). On the basis of the USGS mineral survey (USGS, 2004), the Zero Mercury
Working Group (ZMWG) estimate mercury emissions from ore processing worldwide
(Table 1.7) (ZMWG, 2007). Best estimates of mercury emitted from non-ferrous ore
processing are about 310 Mg yr' which is different from the previous estimates
(Pacyna et al., 2006) due to the contribution from China (Streets et al., 2008).

1.3.1.5 Caustic Soda Production (Chlor-alkali plants)

Approximately 150 chlor-alkali plants were in operation worldwide in 2004, though
in Europe after recent legislation approval most plants have been closed or are going
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Table 1.7 Estimates of mercury emissions from ore processing worldwide (ZMWG, 2007)

Hg emissions (Mg y)

Metal Lower-bound estimate Upper-bound estimate
Copper 77.7 138.7
Gold 21.0 323
Lead 9.8 9.8
Zinc 68.5 330.1
Total 177.1 510.9

to be closed in a few years (Concorde East-West, 2006). Most of chlor-alkali plants
use mercury cell technology with chlor-alkali processes that differs substantially from
country to country (Eurochlor, 2007):

e Western Europe, predominance of mercury cell process (June 2000): 55%

e United States, predominance of diaphragm cell process: 75%

e Japan, predominance of membrane cell process: >90%

¢ India, predominance of membrane cell process: 86% (since 2000s) (Mukherjee
et al., 2008b, chapter 4)

The remaining chlorine production capacity in western Europe consists of diaphragm
cell process 22%, membrane cell process 20% and other processes 3% (Table 1.8)
(Eurochlor, 2007). Global production capacity of chlorine in 2000 was about 12 Tg,
the EU accounting for about 54% of the total. In 2000 the chlorineproduction capacity
in western Europe was 6.6 Tg, 1.4 Tg in USA and 4.2 Tg in the rest of the world (EC,
2002; EC, 2004).

Due to the process characteristics, mercury can be emitted from the mercury cell
process through air, water and wastes. The total mercury emission from chlor-alkali
plants in western Europe was 9.5 Mg in 1998, ranging from 0.2-3.0 g of mercury
per Mg of chlorine capacity at the individual plants (EC, 2001; EC, 2002).

In literature, significant discrepancies can be found between the amount of emissions
reported and the amount of mercury purchased to replace mercury in cells. This missing
mercury is reported to be in the range of 0.069 to 0.35 kg per Mg of NaOH produced
with very different figures in new emerging countries (i.e. India) that loose up to 25
times more mercury than the global best figure. The estimate of 65.1 Mg yr' of mer-
cury emission from chlor-alkali plants proposed by Pacyna et al. (2006b) differs from
our estimate of 162.9 Mg yr! that considers recent updates for China and India
(Mukherjee et al., 2008b; Streets et al., 2008).

1.3.1.6 Cement Production

Cement kilns, based on coal combustion and other mercury-containing materials, is
a significant mercury emitting source category. Mercury out flowing the process
derives from mercury existing in raw materials, limestone and coal fuel. Some
alternative fuels also have a substantial mercury content. Mercury emissions moni-
toring data from cement kilns are very limited, therefore, the collection of new
emissions data could be important for this source category. The evaluation of Hg
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Table 1.8 Number of chlor-alkali plants, total chlorine production and percentage of processes
that use mercury cells in some EU countries in 2005 (Eurochlor, 2007)

Total chlorine ~ Mercury cell process

Country Number of installations  Capacity (7g)  as of total capacity (%)
Belgium 3 752 74
Finland 1 115 35
France 7 1686 52
Germany 10 3972 37
Greece 1 37 100
Italy 9 982 83
Netherlands 1 624 11
Portugal 1 89 48
Spain 9 802 95
Sweden 2 310 71
United Kingdom 3 1091 78
Switzerland 3 104 100
Bulgaria 1 105 100
Czech Republic 2 183 100
Hungary 1 125 100
Poland 3 460 50
Romania 1 633 14
Slovak Republic 1 76 100
Total 59 12375 201

emissions on the basis of emission rates should be performed having in mind that
large differences may occur in cement kilns technology which influence, ultimately,
the emission rates. For example, in China, around 90% of the cement kilns are
vertical shaft types, while in Western countries more energy efficient rotary kilns
are used.

With respect to the mercury in the stack of cement kilns, the average mercury
concentration is about 13 ug Nm (Pirrone et al., 2001b). Pacyna et al. (2006b)
reported an emission factor of 0.1 g per Mg of cement produced, which lead to
140.4 Mg yr! of mercury emitted to the environment (Pacyna et al., 2006b). Our
best estimate based on cement production in 2005 (2315 Gg) and the reported emis-
sion coefficient is 232 Mg yr .

1.3.1.7 Coal Bed Fires

Coal-bed fires have occurred since at least the Pliocene (Coates and Heffern, 2000).
Clinker records evidence for extensive burning in the western U.S., most notably in
Wyoming, Colorado, Utah and Montana. These ancient fires were initiated by natural
causes including spontaneous combustion, lightning strikes and forest fires. Herring
(1989, 1994) postulated that these ancient coal-bed fires could have been the source
of a substantial portion of the nitrogen in earth’s atmosphere.

Coal-bed fires and burning coal waste have proliferated worldwide since the
Industrial Age, primarily as a consequence of anthropogenic activities. Spontaneous
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combustion due to exothermic reactions and the self-heating of coal exposed during
mining is particularly problematic, making further mining dangerous while pollut-
ing surrounding communities. In other cases, coal fires are caused by mining activi-
ties including welding and electrical work, burning trash in abandoned mines,
smoking, etc. (Stracher and Taylor, 2004). Today, tens of thousands of uncontrolled
coal fires are burning around the world, emitting enormous amounts of the green-
house gases, methane (during heating of the coal) and carbon dioxide, as well as
CO, mercury, aerosols, sulphur compounds, and hydrocarbons including n-alkanes,
iso-alkanes, cyclo-alkanes, alkyl aromatics, alkenes, ketones, ethers, halogenated
hydrocarbons and additional volatile organics (Stracher et al., 2007; 2008). In
China more coal fires are burning out of control than in any other country. Estimates
for the amount of coal consumed annually by the fires in China range from 20 to
30 million Mg (Kuenzer, 2008) to 200 million Mg (Rosema et al., 1993; Discover,
1999) and may account for as much as 2-3% of the annual world emission of
atmospheric CO, attributed to the burning of fossil fuels (ITC, 2008). There may be
as many as 10,000 small coal and peat fires in Indonesia (A. Whitehouse, personal
communication, 2004).

In the U.S. about 140 underground coal-mine fires and 58 burning gob piles
have been reported from Pennsylvania (Stracher and Taylor, 2004). In India, South
Africa, Russia, Eastern Europe and elsewhere, research reveals the mobilization of
large volumes of potentially toxic elements including arsenic, selenium, fluorine
and sulphur, in addition to smaller amounts of lead, copper, bismuth, tin, germa-
nium and mercury. These data are based primarily on the analyses of solids
precipitated around coal-fire gas vents. Analyses of coal-fire gas from South
Africa show high concentrations of benzene, toluene, xylene, ethyl benzene and
dozens of other organic compounds (Leaner, 2008 and herein references). In addi-
tion, an unpublished ICP-MS analysis from a coal-fire-gas vent in Colorado
showed a compound that contains Hg. No attempt has been made to quantify the
amount of mercury mobilized during these fires. Given the estimates for CO,
emissions, it is possible that uncontrolled coal fires are responsible for a signifi-
cant proportion of global mercury.

If we take the mean of the estimates for the amount of coal consumed annually
by uncontrolled coal-bed fires in China it is estimated that about 112.5 million Mg
of coal is burned. In addition to China, Walker (1999) reports coal fires from the
United States, Canada, Australia, India, Indonesia, South Africa, England, Germany,
Poland, Czech Republic, Russia, Ukraine, Turkey, Thailand, and other countries.
If we assume an additional 87.5 million Mg of coal are consumed each year by
these uncontrolled coal-bed fires plus coal-waste-pile, and coal-stock-pile fires
we get a total of 200 million Mg. Multiplying this figure by the average mercury
content in coal, 0.16 g Mg (Table 1.9), the amount of mercury release annually to
the atmosphere by uncontrolled coal fires would be about 32 Mg as an upper
bound. If we accept the lower estimate for China of 20 million Mg of coal and
assume that this represents half of the global uncontrolled fires (40 million Mg)
we get a lower bound for mercury emissions of about 6.4 Mg of mercury released
by uncontrolled coal fires. Because none of the emissions from uncontrolled coal
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Table 1.9 Mercury content in coals from selected countries (USGS, unpublished data).

Mean
Country Coal Type (g Mg') Range (g Mg') No.Samples Comments
Argentina Bituminous 0.1 0.03-0.18 2
Botswana Bituminous 0.09 0.04-0.15 11
China Anthracite - 0.15 <0.02-0.69 329 Belkin et al.
Bituminous 2004
Colombia Subbituminous 0.04 <0.02-0.17 16
Egypt Bituminous 0.12 0.04-0.36 14
Peru Anthracite - 0.27 0.04-0.63 15
Bituminous
Philippines Subbituminous 0.04 <0.04-0.1
Romania Lignite - 0.21 0.07-0.46 11
Subbituminous
Slovak Rep.  Bituminous 0.08 0.03-0.13
South Korea  Anthracite 0.30 <0.02-0.88 11
Taiwan Anthracite - 0.67 0.07-2.3 4 Mean = 0.12
Bituminous w/o the 2.3
Tanzania Bituminous 0.12 0.04-0.22 24
Turkey Lignite 0.11 0.03-0.66 143 St.Dev = 0.093
UsS All 0.17 7649 Finkelman,
1993
Vietnam Anthracite 0.28 <0.02-0.67 6
VV. Bituminous 0.19 0.04-0.67 39
Yugoslavia  Lignite 0.11 0.07-0.14 3
Zambia Bituminous 0.6 <0.03-3.6 12
Zimbabwe Bituminous 0.08 <0.03-0.5 3

fires are attenuated by pollution-control systems, most of the mercury escapes into
the atmosphere.

1.3.1.8 Waste

Hazardous or non-hazardous waste production containing mercury is governed by
the yield and consumption of goods and their recycling process in society. Several
products contain mercury and as calculated by Maxson (2003), the mercury supply
from 1994 — 2000 for all products and processes production has averaged 3600 Mg
per year, which one could take as a rough estimate of global mercury supply in
2000. A recent assessment for 2005 (UNEP, 2006b) estimate 3000 — 3800 Mg yr' of
mercury supply. Small-scale artisanal gold mining, vinyl chloride monomer (VCM)
production, chlor-alkali production and batteries production, plants and artisanal
mining adsorb around 75% of the total supply (Figure 1.5).

Not all supplied mercury is finally converted in waste. The amount of mercury
in waste depend upon the mercury content in products, products’ lifetime and waste
disposal mechanisms. The knowledge on mercury in different types of wastes is
scarce and this implies that also the knowledge of mercury emissions from waste
disposal practices (i.e., incinerators, landfills) is affected by a large uncertainty.
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Figure 1.5 Percentages of global mercury consumption for different sector in 2000 and 2005
(from Maxson 2003 and UNEP, 2006b)

The causal factors of mercury in waste are categorised as follow (UNEP, 2007):

* Industrial equipments using mercury and consumer products;

* Typology of waste treatment processes used;

e Thermal process of natural mercury impurities in raw materials; and
e Extracting processes used in Artisanal and small scale gold mining.

1.3.1.9 Mercury in Waste Derived from Industrial Processes

Due to the phasing out of industrial mercury processes and mercury-containing
products, a large amount of equipments for industrial mercury processes and mercury-
containing products are expected to become mercury waste (UNEP, 2007). For
example, the most qualified estimate of EU-15 mercury cell chlor-alkali plants
amount to some 11,800 Mg. Waste from the Cl, industry has been estimated to
contain 10 to 17 g of mercury per Mg of chlorine, showing variations within years
(Garny, 2001; EC 2001b) (Figure 1.6). Based on a CI, production capacity of 12.2
Gg (Eurochlor, 2008) it can be estimated that in 2000 mercury waste from chlor-
alkali plants was 183 Mg.

1.3.1.10 Mercury in Waste Derived from Consumer Products

Most of mercury in waste derives from items that has been used and now are
discontinued or are still used. Household categories of mercury sources are (EPA,
1992): batteries, electrical lighting, electrical equipment, instrument, pigments,
paper coating, pharmaceuticals, dental amalgams and plastic catalysts. Some items
pertain to both municipal and hospital solid wastes. The most critical products
discharged in solid waste are lamps, batteries, diuretics, dental fillings, pigments,
thermometers and plastics. Based on the lamp manufacturing industry’s data
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Figure 1.6 Mercury in solid waste from chlor-alkali plants in EU-15+Switzerland (from Garny,
2001)

(NEMA, 2001), the most common type of fluorescent lamp (4-foot T-8 model)
was estimated to have an average mercury composition of about 10 mg per lamp
(Maine Department of Environmental Protection, 2003; Culver 2007). A signifi-
cant reduction of mercury content occurred from 1994 when the amount of mercury
in lamps decreased from 44 to 20 mg. Mercury content in most common lamps is
reported in Table 1.10.

It should be noted that because of the significant energy savings, using high
efficiency fluorescent lamps containing mercury to replace incandescent lamps
or older fluorescent lamps results in a net reduction in mercury emissions from
fossil fuels fired power plants. EPA estimates that full implementation of the
Green Lights program in USA would result in a reduction of close to 10 Mg of
mercury per year due to reduced power generation. After being used, lamps can
be disposed off in a municipal or hazardous waste landfill, recycled to recover
mercury and other lamp materials or placed in a municipal waste incinerator.
Landfilling has been a traditional mean of disposing off spent lamps. Due to
their extremely low mercury content, lamps have historically accounted for only
3.8 percent of all the mercury deposited in municipal landfills (EPA, 1992). On
the other side the incineration of mercury-containing lamps release up to 90% of
the mercury to the air. A global estimate of mercury release from this category
is not yet available.

Mercuric oxide (mercury zinc) batteries and button batteries are intended for use
in medical devices. Despite their production being stopped in 1990, some of the
medical devices may still require mercuric oxide batteries including cardiac monitors,
pH meters, oxygen analysers and monitors and telemetry instruments. The alterna-
tive for mercuric oxide batteries, the zinc air batteries, may not be mercury-free.
A zinc air button battery may contain up to 25 mg of mercury. Larger zinc air batteries
are made up of stacked button batteries, each of which may contain up to 25 mg of
mercury (Table 1.11). Any global estimate has been done on mercury release by use
of batteries but the amount of batteries used worldwide (e.g. in the UK currently
over 20,000 Mg of batteries are thrown away each year) should give a consistent
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contribution to mercury emissions. Thermometers, thermostats, fluorescent lamps,
electrical switches, pharmaceuticals and dental fillings are common products in
which mercury is still being used. Mercury is also used in many speciality medical
applications, such as blood pressure cuffs, specialized batteries, cantor tubes, oesopha-
geal dilators, pulmonary Scholander devices and in vaccines (where it acts as a
preservative) (Table 1.12).

The mercury amount in waste is partly a result of waste type and quantity. Once
generated solid waste can be landfilled, incinerated or recycled. Any adequate
treatment will lead to mercury release in soil and then groundwater through leach-
ing and in atmosphere through volatilisation. On the other side wastewater can be
discharged directly into rivers, lakes and sea or treated in waste treatment plants.
Also in this case the treatment process affects directly the amount of mercury
released in waters.

1.3.1.11 Mercury Emissions from Industrial Incinerators
Industrial waste incinerators emit the highest amounts of mercury to the atmos-

phere (in some countries) due to the high mercury content of industrial hazardous
wastes (Sung et al., 2004). Non-homogeneity of the industrial waste characteristics

Table 1.10 Mercury in fluorescent lamps (from Culver, 2007)

Lamp Type Min (mg) Max (mg)
4’, Linear T8, (Low-Hg) 3.5 10

8’ Linear T8 3.5 31-65

4’ T12, TCLP 4.4 10

8 TI12 6.8 31-65
U-bent T8 3.5 31-65
Preheat T8 (F15T8) 1.4 11-30
Compact fluorescent 1.4 11-30

Table 1.11 Mercury in button cell batteries

Button Cell Type Mercury per Unit (mg)
Zinc-air 9.0
Silver-oxide 3.5
Alkaline 10.9

Table 1.12 Mercury content in common household item

Product Mercury (mg)
Dental amalgams 500

Home thermometer 500-2000
Float switches in sump pumps 2000

Tilt thermostat 3000

Electrical tilt switches and relays 3500
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result in the fluctuation in effluent mercury concentration. In Korea, mercury
emissions are in the range of 619 to 1318 mg m™ at the inlet of wet type particulate
control device and mercury concentrations at the stack have been observed to be in
the range of 40 to 325 mg m>.

Industrial waste incinerators with dry- and semidry-type APCDs (scrubber bag
filter) may release mercury at a concentration of 14.3-59.3 mg m™ at the inlet of
APCDs and 17.8-58.8 mg m? at the stack.

1.3.1.12 Mercury Emissions from Municipal Waste Incinerators

Municipal waste incinerators (MWIs) can be a significant source of mercury emissions.
For example, in the U.S.A. in year 1990, this sector was the largest emitting source
category, with an estimated 52 Mg of mercury emissions for year 1990 (USEPA,
2006). However, emissions from municipal waste incineration were reduced by
more than 90% in the U.S.A. from 1990 to 2002 due to regulations to control emis-
sions as well as actions to reduce the use of mercury in products (e.g., batteries and
paints), thereby reducing the mercury content of waste (USEPA, 2006). In addition,
slag is produced from waste incineration processes. This product is mostly used for
road construction, noise barriers, concrete production or landfilled. The slag unfor-
tunately contains high concentrations of trace metals. Hg concentration varies from
0.02 to 7.75 mg kg~' (IAWG, 1997). Assuming a Hg content of 4 mg kg™', total Hg
in slag from waste incinerators in Europe (EU-15 countries+3 non-EU countries)
varies between 24 and 54 Mg (Table 1.13).

1.3.1.13 Mercury Emissions from Medical Waste Incinerators

At present, any global estimate is available for operative medical waste incinerators.
As consequence any global assessment has been done on mercury emission from
this particular source because emissions are often included in the overall waste
incinerators estimate (UNEP, 2002).

In the United States, about 5000 medical waste incinerators are in operation
with most of them (90%) operating on-site. It is also assumed that at least larger
MWIs are equipped with a simple or more efficient emission control devices. Most
of the device systems employed in the medical waste incinerators are either wet or
dry systems.

Wet systems typically comprise of a wet scrubber for controlling the emission
of particles in combination with a packed-bed scrubber for removal of acidic
gases and a high efficiency mist elimination. Dry systems include ESPs or FFs
in combination with the sorbent injection. Concerning the removal of mercury,
appearing mostly in a gaseous form, the efficiency of this process is rather limited.
An improvement was obtained through adding activated carbon to the sorbent
material in the sorbent injection/FF systems (Pirrone et al., 2001c). Medical waste
incinerators are, therefore, a large source of mercury to the environment because
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mercury in medical waste can be as much as 50 times higher than mercury in
municipal solid waste (EPA, 2008).

1.3.1.14 Mercury Emissions from Landfill Process

Measurements of mercury concentrations have been performed upwind and downwind
of the working face (where waste is trucked in from transfer stations, deposited,
compacted and covered with inert filling material) at several Florida landfills.
Downwind mercury concentrations (100 ng m™) were significantly higher (30 to 40
times) than that measured at upwind locations (Lindberg, 1999a; 1999b). Once buried,
some of the inorganic mercury in the landfill is converted by bacteria into the more
toxic methylmercury.

On the basis of direct quantification at landfill gas vent of giant landfill facilities
in Seoul, Kim and Kim (2002) evaluated 420 ng m™ (range 3.45 — 2952 ng m~) of
mercury concentrations. On an annual basis, the computed fluxes of mercury from
the whole site were on the order of 23 g.

Historical data from landfills, including a rough estimate of the total masses of
deposited metals at the landfills since start-up, based on the metal-content data
show 0.29-0.83 Mg per landfill in Finland.

High TGM concentrations (1100 — 1500 ng m™) have been measured at daily
municipal solid waste generation in the Mexico City Metropolitan Area.

1.3.1.15 Mercury Emissions from Wastewater Treatment Process

Sometimes liquid mercury contained in products is intentionally or accidentally
discharged into wastewater reaching at the end of the process the aquatic environ-
ment. Without proper treatment of wastewater, the dynamics of mercury includes
the following steps:

1. During collection and transport of wastewater, Hg"V is often in reducing condi-
tions (caused by anoxia and various bacteria), leading to elemental mercury
formation;

2. In the primary settling tank, mercury adsorbed to and incorporated into settleable
solids is removed in the sludge;

3. In the mixed liquid aeration basin or other biological unit, bacteria, protozoa and
other microorganisms proliferatively and effectively convert dissolved organic
material and colloidal particles with associated mercury to a flocculent biological
material which is eventually removed as waste sludge;

4. Bacterial action in anaerobic or aerobic digestion to stabilize sludge would produce
additional transformations of elemental mercury. Elemental mercury formed may
be stripped from solution by gas mixing systems (in the case of anaerobic digesters)
or forced aeration. After stabilization, sewage sludge is often thickened or dewa-
tered to reduce volume prior to ultimate disposal by land spreading, landfill or
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incineration which are the anthropogenic sources of mercury emission (Huber
1997a; 1997b).

Sewage sludge is thus a residual product from industrial and urban wastewater.
In recent years production of sewage sludge is increasing due to better effluent
treatment methods and strict national regulation. For example in 1998, EU countries
(except Italy) generated 7175 Gg (dry matter) of sewage sludge. The mercury
concentration in sewage sludge, supplied only by seven countries for 1995/1998,
varied between 0.6 and 3 mg kg™

1.3.1.16 Process of Natural Mercury Impurities in Raw Materials and
Mercury Waste

Thermal processes (burn of raw material containing trace amount of mercury)
include calcinations, combustion, crematoria, incineration, pyroprocessing, pyro-
metallurgy, retort, roasting, melting and smelting. Excluding the vapour phase of
mercury in the flue gas released into atmosphere, mercury accumulates in solid
incineration residues and flue gas cleaning residues, ash and slag which are finally
landfilled, stabilised as concrete, or recycled as construction materials (Pirrone
et al., 2001c¢).

1.3.1.17 Artisanal and Small Scale Gold and Mercury Mining

Mercury waste, called “tailings”, released from artisanal and small scale gold
mining activities has been becoming one of the hot issues, because almost all activi-
ties are in developing countries and countries with economies in transition and very
often miners do not consider health effect due to their activities. Mercury in arti-
sanal gold mining is used to form an amalgam that binds with gold (Chapter 7) and
it is usually discharged with tailings and/or volatilized into the atmosphere. The
magnitude of loss and means of mercury release from a specific site are defined by
the Au-Hg separation procedures. A variety of amalgamation methods are used in
artisanal mining operations (GMP, 2006).

1.3.1.18 Mercury Mining

The evaluation of the global primary mercury production is very uncertain because
most countries do not report their mercury production in the official statistical
yearbook. The USGS estimated 2795 Mg of mercury produced globally, whereas
Gobi International assessment was higher with 3337 Mg of mercury annually pro-
duced. Maxson (2005) reported 3386 Mg of mercury used in different processes or
products (Table 1.14). At present, producing primary mercury mines are located in
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Table 1.14 Global mercury demand in 2000 by sector and by region (Maxson, 2005)

Mercury use

category EU-15 (Mg) USA (Mg)  Rest-of-the-world (Mg) Global (Mg)
Chlor-alkali industry 95 72 630 797
Small-scale gold/ 0 0 650 650
silver mining
Batteries 15 16 1050 1081
Dental 70 44 158 272
Measuring & control 26 35 105 166
Lighting 21 17 53 91
Electrical control & 25 50 79 154
switching
Other uses 50 50 75 175
Total 302 284 2800 3386

Algeria, People’s Republic of China, Kyrgyzstan and Spain. Italy, Mexico,
Slovakia, Slovenia and Turkey were all active minor producers before the world-
wide collapse of mercury markets in the early 1990’s and the banning process.
Although none of these countries are presently producing mercury from primary
mines, each retains significant reserves.

Table 1.15 gives information on recorded global primary production of mercury
since 1981. There are also reports of small-scale artisanal mining of mercury in
China, Russia (Siberia), Outer Mongolia, Peru and Mexico. It is likely that this
production serves robust local demand for mercury, often for artisanal mining of
gold — whether legal or illegal. World production of mercury is decreasing rapidly
due to the banning policy adopted in several countries. Current mercury production
on annual basis shows that nearly 1800 Mg of mercury was produced in 2000.

1.3.1.19 Artisanal Gold Mining

Mercury releases from Artisanal Small scale Gold Mining (ASGM) is due to the
process used for gold extraction. Several countries have gold mining sites that
release mercury in the atmosphere (Table 1.16). Actual estimates are based on
available data on mercury and gold exports and imports by country and reported
production and technology of extraction from all the countries known to have active
ASGM communities.

The quality of the estimates ranges from good to poor across the countries. ASGM
sector contributes with 640 to 1350 Mg of mercury per year (averaging 1000 Mg) to
the environment from at least 70 countries. A significant fraction (350 Mg) is directly
emitted to the atmosphere while 50 Mg are expected to be released latently for a total
of 400 Mg. The rest is discharged to rivers and lakes (see Chapter 7)
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Table 1.16 Mercury consumption from artisanal small scale gold mining by region

Period  Average annual

Gold mining site (since) (Mg yr') Total (Mg)  Reference

Amazon, Brasil 1979 180 3000 Telmer & Veiga, 2008
Mindanao, Phillipines 1985 26 260 Telmer & Veiga, 2008
Southern Brasil 1985 1 10 Telmer & Veiga, 2008
Puyango River, Peru 1987 3 24 Telmer & Veiga, 2008
North Sulavesi, Indonesia 1988 15 120 Telmer & Veiga, 2008
USA 1969 6 150 Telmer & Veiga, 2008
Canada 1976 1 14 Telmer & Veiga, 2008
Choco region, Colombia 1987 30 240 Telmer & Veiga, 2008
Narino, Colombia 1987 1 8 Telmer & Veiga, 2008
Victoria Fields, Tanzania 1991 6 24 Telmer & Veiga, 2008
Pando Dep., Bolivia 1979 20 300 Telmer & Veiga, 2008
Jia pi Valley, China 1938 2 116 Telmer & Veiga, 2008
Dixing region, China 1992 120 480 Telmer & Veiga, 2008
Guyana Shield, Venezuela ~ 1989 45 360 Telmer & Veiga, 2008
Asmara, Eritrea 1907 0.1 10 Cinnirella and Pirrone*
Total 456.1 5106

*estimates based on an historical paper on gold extraction in Eritrea (Zaccaria, 2005).

1.3.2 Anthropogenic Emissions by Region

In the last decade a considerable amount of research has been done to improve
mercury emission inventories for developed and developing countries. In the following
sections is reported a summary of mercury emissions by regions and source category.

1.3.2.1 Europe

In Europe, mercury emissions from anthropogenic sources in the year 2000 were
near 240 Mg, with the highest contribution from the combustion of coal and other
fossil fuels (48%) (Table 1.17). The second contributing category consisted of
several industrial processes, including chlor-alkali production, non-ferrous and
ferrous metal production and cement production (41%), while other sources,
which include waste incineration and various uses of mercury, account for about
11% of the total.

Atmospheric mercury emissions in Europe decreased from the ‘80s to 2000 (Table
1.18) because of 1) the implementation of the FGD equipment in large power plants
and other emission control devices in other industrial sectors, particularly in
Western Europe and 2) the decline of economy in Eastern and Central Europe due
to the switch of their economy from centrally planned to market oriented system
(Pacyna et al. 2005; 2006b).
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Table 1.17 Anthropogenic emissions of mercury in Europe in 2000
(Mg yr') (from Pacyna et al., 2006a)

Source category Hg (Mg yr')
Coal combustion Power plant 63.5
Residential heat 48.7
Oil combustion 1.7
Cement production 30.2
Lead 7.6
Zinc 7.8
Pig & iron 12.5
Caustic soda 40.4
Waste disposal 11.6
Other 15.3
Total 239.3

Table 1.18 Trends in anthropogenic emissions of mercury in Europe since 1980

(Mg yr")

Source category 1980 ® 1985 @ 1990 » 1995 2000 ©
Combustion of fuels 350 296 195 186 114
Industrial processes 460 388 390 143 99
Other sources 50 42 42 59 26
Total 860 726 627 338 239
References:

2Pirrone et al., 1996
®Pacyna et al., 2001
¢Pacyna et al., 2006a

1.3.2.2 North and Central America

Coal combustion and incineration of solid wastes account for most of mercury emissions
in the USA National Emission Inventory (NEI), while nonferrous metal production
accounts for most of mercury emissions in Canada and Mexico (Table 1.19).

In Canada, mercury releases can typically be attributed to waste incineration, coal
combustion, smelting of ores and chlor-alkali industry (Environment Canada, 2008).
Between 1990 and 1995, Canadian anthropogenic mercury emissions dropped from
36 to 11 Mg primarily as a result of technological improvements in the base metal
mining and smelting industry. In 1995, this industry was the largest source of mer-
cury into the atmosphere, contributing approximately 40% of total emissions. From
1995 to 2003, Canadian anthropogenic mercury emissions dropped to nearly 7 Mg.
Three sectors, which include electricity generation, non-ferrous mining & smelting
and incineration were responsible for 71% of mercury emissions into the atmos-
phere, accounting for 35%, 19% and 17% of Canadian emissions, respectively.

The mining industry, with both non-ferrous metal and gold sectors, is the highest
source of mercury in Mexico, which represents 72% of the total (CEC, 2001; Gbor
et al., 2007). Chlor-alkali production and combustion of heavy fuel oils are also
potentially significant sources of mercury emissions. The total anthropogenic
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mercury emission in North America is estimated to be 144.7 Mg yr~!. The estimate
is incomparable to previous regional and worldwide estimates of North American
emissions that have ranged from 240 Mg yr' to 333 Mg yr' (Pirrone et al., 1996)
because there was a strong reduction in emission mainly in the waste incineration
sector. Inconsistencies have been found for waste incineration and oil combustion
when comparing with that reported in the NEI.

1.3.2.3 Russia

The total intentional consumption of mercury in the Russian Federation in 2001/2002
was estimated to be in the range of 151 — 160 Mg yr! and since than the trend has
declined. As the intentional consumption of mercury decreases, the mobilization of
mercury impurities (trace element) increasingly account for a larger part of the total
anthropogenic mercury flow. The total mobilization of mercury impurities in
Russia in 2001 was estimated at 138 Mg (66 — 198 Mg) and the majority was mobi-
lized in coal, oil and non-ferrous metals ore (Table 1.20). According to the official
data the total emission of mercury from Russian enterprises that have the obligation
to report their annual mercury emissions was 2.9 Mg in 2001. Besides these
sources, significant amount of mercury is released from area sources and from
processes in which mercury is present as a natural impurity in the raw materials.

Table 1.20 Mercury emissions (Mg yr’) to air and water in Russia (from ACAP, 2005)

Consumption/ Disposed in landfill/

Emission Source mobilization  To air  waste dumps
Chlor-alkali production 103.0 1.2 39
Production of VCM 7.5 0.02 0
Gold mining using the amalgamation method, 55 3.1 1.1

mining of sec. placers
Production of thermometers 26.0 0.009 0.1
Production of light sources 7.5 0.2 0.001
Other intentional uses 5.8 0.06 24
Total (intentional uses) 155.3 4.5 42.6
Coal - electricity producing sector 10.0 8.0 2.0
Coal - other uses (incl. waste from extraction) 12.0 6.3 3.6
Oil processing and use of petroleum products 33.0 34
Gas, oil-shale and bio-fuels 8.0 1.0
Zinc and lead production 31.0 1.9 8.5
Nickel and copper production 28.0 5.3 6.6
Production of other metals 7.8 2.6 4.2
Cement and lime 2.0 1.6 0.4
Total (mobilisation as impurity) 131.8 30.1 253
Waste incineration 3.5
Landfilling 24.0
Sewage sludge 0.1 5.7

Total (waste treatment) 3.6 29.7
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The present assessment uses the estimates from the 2005 Arctic Council study,
prepared by a Russian expert group assisted by international experts, in which the
total Russian emissions are estimated to be 39 Mg yr~!, with 77% being the contri-
bution from processes where mercury is mobilized as impurity (ACAP, 2005). (This
effort was the first comprehensive assessment of mercury releases at the national
level in the Russian Federation).

1.3.2.4 China

Mercury emissions in China are estimated to be 623.1 Mg in 2003 (Table 1.21).
A large fraction of the emission (41%) is due to coal combustion, which in China
includes three major subcategories: coal-fired power plants, industrial boilers and
residential uses. Emissions from this categories increased from 202.4 Mg in 1995
to 334.0 Mg in 2005 (with the largest contribution from power plants and indus-
tries) (Streets et al., 2008, chapter 2). Approximately 40% of the mercury is
released from non-ferrous metals smelters (Feng et al., 2008). Cement production
(6%) and mercury mining (4%) represent minor contributions. In addition to indus-

Table 1.21 Mercury emission from different source categories in China in
2003 (Feng et al., 2008; Streets et al., 2008)

Source category Emissions (Mg yr)
Coal combustion 256.7
Power plants 100.1
Industrial use 124.3
Residential use 21.7
Other uses 10.6
Nonferrous metals smelting 248.0
Zinc 115.0
Copper 17.6
Lead 70.7
Gold: large scale 16.2
Gold: artisanal 28.5
Fuel oil for stationary sources 0.6
Gasoline, diesel and kerosene 7.6
Biofuel combustion 10.7
Grassland/savanna burning 4.2
Agricultural residue burning 3.9
Household waste burning 10.4
Cement production 35.0
Iron and steel production 8.9
Caustic soda production 0
Mercury mining 27.5
Battery/fluorescent lamp production 3.7
Forest burning* 2.8
Coal mines spontaneous burning?* 3.0
Total 623.0

*Forest burning and coal mines burning are obtained from Streets et al., 2005.
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trial sources, this estimate accounts for annual emissions from biomass burning (2.8
Mg, without including natural sources which include re-emission of previously
deposited mercury) and coal mines spontaneous burning (3 Mg) as reported by
Street et al. (2005). Because the most updated emissions from industrial sources are
for 2003, emissions from coal combustion reported here refer to for the same year
despite they are available for 2005.

1.3.2.5 Australia

Mercury emissions from Australian coal fired power plants account for 2 to 8 Mg
yrl. This is larger than the National Pollution Inventory estimate of 1.1 Mg yr?,
because of the issues with brown coal fired power plants, but very significantly
lower than the GMA estimate of 97 Mg yr! for stationary combustion sources in
2005 (Table 1.22). It is, however, in relatively good agreement with the earlier
estimate of 6.3-8.6 Mg yr!' quoted by Pirrone et al. (1996) for emissions between
1983 and 1992 (Nelson, 2007).

1.3.2.6 India

Mercury contamination is widespread in India and a recent study (Mukherjee et al.,
2008Db, chapter 4) has dealt with industrial emissions of mercury from coal combus-
tion, iron and steel industry, non-ferrous metallurgical plants, chlor-alkali plants,
cement industry, waste disposal and others minor sources (i.e. brick manufacturing,
instruments, clinical thermometers). No information were found in the literature for
the pulp and paper industry or for the oil and petrochemical industry in India as
well as natural sources. Therefore, no estimates are provided in the regional budget.
It should be stated that the lack of true emission data make very uncertain the esti-
mate of anthropogenic emissions of mercury for this country.

Table 1.22 Emissions of mercury to the atmosphere from point
sources in Australia (> 5 kg yr') as reported in the Australian
National Pollutant Inventory (Nelson, 2007)

Source category Emissions (Mg yr”)
Stationary power - Total 1.1
Stationary power - Black coal 0.98
Stationary power - Brown coal 0.1
Smelting/mineral processing 11.6
Iron and steel production 0.8
Petroleum refining 0.3
Cement 0.3
Waste 0.2
Coal mining 0.02
Other mining 0.3

Total (point sources) 15.7
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The highest contributing source category is the coal combustion (48%) followed
by waste disposal (31%). Industrial Hg emissions in India have decreased from 321
Mg in 2000 to 253 Mg in 2004. The Ministry of Environment and Forest in New
Delhi has informed that 86% of Hg-cell chlorine plants have been converted to
membrane process. This change implied that Hg emissions have decreased from
132 Mg in 2000 to 6.2 Mg in 2004 (see Chapter 4 for further information). Mercury
emissions from biomass burning and brick industry have also been discussed by
Mukherjee et al (2008) (Table 1.23). Based on industrial activities and socio-economic
trends, mercury emissions vary from one region to another and they are projected
to increase as coal combustion and waste generation increase (disposed off in land-
fills without proper treatment).

1.3.2.7 South Africa

Limited information is available for African countries. Also very few data and
information on actual mercury emissions or levels of mercury in products and
resources exists for South Africa, which is the most industrialized country of
Africa. Nevertheless most of the mercury released in the environment comes from
artisanal gold mining (Telmer and Veiga, 2008). The South African Mercury
Assessment (SAMA) Programme (Leaner et al., 2006) has undertaken some limited
mercury inventory development and monitoring studies in South Africa. The Country
is a primary producer of many important and strategic metals (e.g. gold, platinum,
lead, zinc) and is a major producer and consumer of coal (DME, 2003). Although
these minerals and materials are known for their contribution to mercury pollution,
detailed mercury emission inventories for these sources are unavailable. Pacyna

Table 1.23 Mercury emission from different source categories in India

for 2000 and 2004 (Mg yr')

Source 2000 2004
Coal fired power plants 100.44 120.85
Residential & Commercial boiler 3.65 3.70
Pig iron & steel production 3.84 4.56
Cu-production 3.84 11.78
Pb-production 2.49 1.83
Zn-production 1.41 1.90
Residual fuel oil consumption 0.52 0.47
Cement production 4.2 4.66
Municipal solid waste 50 70.00
Medical waste 6.6 6.60
E-waste - 0.82
Biomass burning

- Forest 7.74 7.74
- Crop 4.76 4.76
Chlor-alkali plants 132 6.2

Brick manufacturing - 7.49
Total 321.49 253.36
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et al. (2006b) suggested that in South Africa mercury release to the atmosphere
accounts for 256.7 Mg, with most mercury emissions originating from industrial
facilities, followed by stationary combustion. Leaner et al. (2008) critically revised
previous estimates of mercury release from major anthropogenic sources, giving a
global assessment of 40.2 Mg yr'. Most of emissions are associated with power
generation that accounts for 77% of the total (Table 1.24).

The gasification process of coal accounts for a 4% of the total emission. Mercury
is likely released during gasification of the coal, but there is a potential for its
removal in conjunction with the removal of other pollutants. Coal for firing cement
kilns and producing clinker are the major sources of mercury in cement production,
contributing with 9% to the total emission.

1.3.2.8 South America

In Brazil, the amount of mercury entering the environment was estimated to be
about 200 Mg yr! (Trade and Environment Database (TED) case 132). As described
in TED case 132, gold recovery is performed by removing sediments from river
bottoms and adjacent areas and feeding them through a number of mercury-coated
sieves. Roughly 1.0 kg of mercury enters the environment for every kilogram of
gold produced by artisans (Farid and others, 1991). Another estimate according to
research by Veloso de Araujo (1995), in the Alta Floresta area, State of Mato
Grosso, Brazil, was that a typical month’s gold production of 230 kg emitted 240
kg of mercury to the atmosphere as elemental mercury vapour and 60 kg of mercury
into rivers. Considering that coal consumption in South American Countries is near
28 Tg yr' (Mukherjee et al., 2008a) emissions of Hg from coalfired power plants
is about 5.6 Mg yr! (emission factor 0.2 mg kg™).

Table 1.24 Mercury emissions (Mg yr’) from major anthropo-
genic sources in South Africa during 2004

Source Category Hg Emissions
Power Plants 31.0
Coal Gasification 1.7
Consumer Products 0.1
Crude Oil Refining 0.5
Ferrous Metals: Iron and Steel 1.3
Coke Production / Alloy Steel 1.0
Pig Iron 0.3
Residential Heating 0.8
Cement Production 3.8
Non-Ferrous Metals: Primary smelters 0.6
Gold 0.3
Zinc, copper, lead 0.3
Incineration of wastes 0.6

Total 40.2
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1.4 Global Assessment

Our knowledge of mercury emissions on a global and regional scale is still incom-
plete. Global emission estimates by Pirrone et al. (1996) for the year 1990-1992
(Table 1.25), by Pacyna et al. (2003) for the year 1995 (Table 1.26) and by Pacyna
et al. (2006b) for the year 2000 (Table 1.27) indicate that Europe and North America

Table 1.25 Global emissions of total mercury from major anthropogenic sources in 1990 (Mg yr')
(Pirrone et al., 1996)

Coal comb. Oil comb. Zn prod. Pbprod. Wood comb. SWI Misc. Total

Africa 24.6 15 7.6 0.6 18.5 342 140 107.0
Asia 412.0 61.5 51.3 3.1 31.8 2889 1273 9759
Western ~ 95.4 36.2 67.7 5.0 1.6 97.1 455 3485
Eastern  166.6 38.2 49.6 4.9 3.6 404 455 3488
North 81.4 27.9 42.0 6.3 4.4 1272 434 3326
Oceania 8.1 1.4 10.1 1.6 0.4 7.0 4.3 329
Central 5.6 11.8 11.1 0.7 8.7 24.2 9.3 71.4
Total 793.7 184.5 239.4 222 69.0 619.0 289.3 2217.1

Table 1.26 Global emissions of total mercury from major anthropogenic sources in 1995 (Mg yr”)
(Pacyna et al., 2003)

SC NF PI C WD TOT
Africa 197.0 7.9 0.5 5.2 210.6
Asia 860.4 87.4 12.1 81.8 32.6 1074.3
Australia 97.0 4.4 0.3 0.7 0.1 102.5
Europe 185.5 15.4 10.2 26.2 12.4 249.7
North America 104.8 25.1 4.6 12.9 66.1 213.5
Oceania 2.9 0.1 3.0
South America 26.9 25.4 1.4 5.5 59.2
Total 1474.5 165.6 29.1 132.4 111.2 1912.8

SC = Stationary combustion; NF = Non-ferrous metal production; PI = Pig iron and steel produc-
tion; C = Cement production; WD = Waste disposal; TOT = Total.

Table 1.27 Global emissions of total mercury from major anthropogenic sources in 2000 (Mg yr')
(Pacyna et al. 2006b)

SC NF PI C CS M G WD O TOT
Africa 205.2 79 04 53 03 01 1778 1.4 398.4
Asia' 8787 876 11.6 899 307 0.1 472 326 09 11793
Australasia 112.6 44 03 08 0.7 7.7 0.1 126.6
Europe'-2 1139 302 154 125 404 116 153 239.3
North America  79.6 64 43 77 80 0.1 122 18.7 8.8 145.8
Russia 26.5 69 2.7 37 80 3.1 35 182 72.6
South America  31.0 254 14 65 50 228 92.1
Total 14475 168.8 36.1 1264 93.1 23.1 248 66.5 44.6 2254.1

'Excluded Russia
*Data for Europe herein reported have been updated from Pacyna et al. 2006a.
CS= Caustic soda production; M= Mercury production; G = Gold production; O = Other.
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seem to contribute less than 20% to the global anthropogenic emissions to the atmos-
phere, whereas Asia and Africa account for about 70% of global emissions and show
a steady increase due to the fast economic development (Figure 1.7).

Our current estimate suggests that summing up the contribution from natural and
anthropogenic sources nearly 8116 Mg of mercury is released annually to the glo-
bal atmosphere (Table 1.28). Total mercury emission from anthropogenic sources
account for 2909 Mg (36%). The present assessment shows that the majority of
mercury emissions originate from combustion of fossil fuels (18%), particularly in
the Asian countries including China and India (14% on total anthropogenic basis)
(Table 1.29), where energy production from coal combustion is increasing at a rate
of nearly 10% per year. Among industrialized countries Europe and North America
account for 15% of the total emission that is mostly related to fossil fuel combus-
tion. In addition to stationary combustion (18%), other sectors contribute to the
global budget with an additional 18%. Combustion of coal is and will remain in the
near future as the main source of energy in these countries.

Recent projections of energy production suggest that energy consumption will
increase in all continents. Sharp increases are foreseen for Asian countries where
most of future energy demand will still be supplied by fossil fuels, which will lead
to an increase in annual emissions of mercury and other primary pollutants (i.e.,
NOx, SO2, aerosols, VOCs, CO2). Natural sources contribute to the global budget
by 64% (5207 Mg) with oceans releasing most of the mercury (33%) followed by

1990 1995
AS 38%

AU 3% AF 9%

SA 3%

NA 14%
EU 33% AU6%  EU13%

2000

AS 56%

SA 4%

NA 6%
EU 11%

AU 6%

Figure 1.7 Trend of global anthropogenic emissions by region and year (from Pirrone et al., 1996
(1990); Pacyna et al., 2003 (1995); Pacyna et al., 2006b (2000)). AF, Africa; AS, Asia; AU, Australia;
EU, Europa; NA, North America; SA, South America
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Table 1.28 Total mercury emissions to the atmosphere by source category

Hg emission Reference
Region (Mg yr') year Reference
Natural
Oceans 2682 2008 Mason, 2008
Lakes 96 2008 Mason, 2008
Forest 342 2008 Mason, 2008
Tundra/Grassland/ Savannah/Prairie/ 448 2008 Mason, 2008
Chaparral
Desert/Metalliferrous/ Non-vegetated 546 2008 Mason, 2008
Zones
Agricultural areas 128 2008 Mason, 2008
Evasion after mercury depletion events 200 2008 Mason, 2008
Biomass burning 675 2008 Friedli et al., 2008
Volcanoes and geothermal Areas 90 2008 Mason, 2008
Total (Natural) 5207
Anthropogenic
Coal combustion, oil Combustion 1422 2000 Pacyna et al., 2006b
Pig iron and steel Production 43 2000 This work
Non-ferrous metal Production 310 2007 USGS, 2004
Caustic soda Production 163 2000 This work
Cement production 236 2000 This work
Coal bed fires 32 2007 This work
Waste disposal 187 2007 This work
Mercury production 50 2007 This work
Artisanal gold mining production 400 2007 Telmer and Veiga, 2008
Other 65 2007 This work
Total (Anthropogenic) 2909
Total (Natural + Anthropogenic) 8116

biomass burning (forest 8% and agriculture 2%), deserts and metalliferous zones
(7%), tundra and grassland (6%), forest (4%), evasion after mercury depletion
events (3%) and volcanoes (1%).

1.5 Further Research

Additional research is required to reduce uncertainty in both anthropogenic and
natural emissions estimates. The uncertainty of anthropogenic emission estimates
is mostly related to the rapid economic development in emerging economies,
particularly South and South-East Asia in which the impact of fossil fuel use in
energy production is threefold. Firstly because fossil fuel power plants are the single
most important anthropogenic emission source of mercury to the atmosphere,
secondly because the other pollutants emitted as a result of fossil fuel exploitation
such as NO, and SO, have an impact on the atmospheric chemistry of mercury and
influence its deposition patterns. A specific concern is for regions that are inadequately
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described in terms of point sources (Africa, South America) or exhibit unusually
large uncertainties (Asia). These uncertainties affect model and policy develop-
ment, and human welfare.

Atmospheric mercury models developed in recent years for assessing the rela-
tionship between emission source regions and receptor regions show a limited
accuracy. The ability to determine the accuracy of current models is severely
limited by the lack of a unified global emission inventory that accounts for a better
emission source characterisation related to fossil fuel power plants in fast develop-
ing countries where energy demand is increasing at an annual rate of 10 per cent or
even more.

The improvement of the mercury emission inventory on global scale, with
special attention to fossil fuels fired power plants in countries characterised by a
fast economic growth (i.e, China, India) will lead to a better assessment of the
impact of different energy exploitation strategies foreseen in major environmental
outlooks elaborated by leading institutions such as UNEP, World Bank, World
Watch Institute and International Energy Agency (IEA).

Detailed mercury emission inventory may help nations to shape future energy
management strategies that, among other things, will lead to a better assessment of
countries’ potential for renewable and non-renewable energy production; this is in
agreement with recommendations and requirements of major international conven-
tions and programmes aimed to reduce the impact of human activities on ecosystems
quality and human health related to energy productions.

Socio-economic impacts associated with mercury pollution are very considerable
with long-term impacts on human health, welfare and productivity. The impact of
mercury pollution on human welfare can be immediate or in the years or decades
to come. Delineation of mercury “hot spots” and knowledge of ecological processes
that lead to their formation can reduce uncertainty and can help mitigation and
outreach efforts of reducing health costs. This improved knowledge of the sources,
transport and fate of environmental mercury would lead to realistic risk assessments,
efficient mitigation efforts, and effective outreach to minimize adverse impacts on
coastal ecosystems and human populations that consume seafood.

The emission to the atmosphere of mercury via natural processes constitutes an
important part of the global Hg input and is a dominant part of the global mercury
cycle. However, while there is an ongoing and continued effort to quantify these
fluxes, the magnitude of their extent is still relatively poorly constrained. It must be
emphasized that while the fluxes are due to natural processes, they constitute mer-
cury that has originated from different sources, and because of the potential for
deposited mercury to be re-emitted to the atmosphere from both terrestrial and
aquatic surfaces, these fluxes include both primary sources and secondary (recy-
cled) mercury.

These fluxes are comparable to the estimates of mercury inputs to the atmos-
phere from point anthropogenic source emissions. It appears that the mercury emis-
sion estimates from natural sources are within the range and confidence intervals of
the results of a number of box and numerical modeling studies, and with empirical
estimates.
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Of great urgency is the development and validation of models for mercury
cycling in forests, accounting for the biogeochemistry for each region because the
average emissions from the land exceed the ocean on an areal basis. This would
provide an understanding of the source/sink relationship and thus mercury accumu-
lation or loss in ecosystems.

Such models could then be coupled with the fire carbon emission models. Fires that
are certainly of great importance in terms of mercury emissions. Mercury in forests
originates largely from deposition from the global atmospheric pool and thus is a glo-
bal concern. The release of mercury from biomass burning is partially under direct
human control. Knowing anthropogenic mercury emission would address restrictions
to the global release and reduce the atmospheric and vegetation/soil pools.
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Chapter 2
Mercury Emissions from Coal Combustion
in China

David G. Streets, Jiming Hao, Shuxiao Wang, and Ye Wu

Summary This chapter reviews the magnitude and spatial distribution of mercury
emissions from coal combustion in China. Due to the large quantities of coal
burned and the relatively low level of technology, particularly in industry, emissions
are high. Emissions were stable at about 200-210 Mg during the period 1995-2000,
but because of rapid economic growth starting in 2001, mercury emissions grew
quickly to a value of 334 Mg in 2005. The annual average growth rate for the period
1995-2005 was 5.1%. The uncertainty in emission estimates is about +35% (95%
confidence intervals). Emissions are concentrated in those provinces with high
concentrations of mercury in coal (like Guizhou Province) and provinces in which
a lot of coal is burned (like Shanxi Province). Because significant amounts of coal
are burned in homes and small industrial facilities, without any kind of emission
control at all, emissions of particulate mercury are higher in China than in the
developed world; the speciation profile nationwide is: 64% Hg™, 19% Hg(p), and
17% Hg®. In the future, growth in mercury emissions is expected to be limited by
the application of FGD for SO, control and other advanced technologies. Estimates
of emissions are hampered by the lack of comprehensive and reliable emissions
testing programs in China.

2.1 Introduction

Mercury pollution has been recognized by Chinese researchers and government
officials for some time. However, it is only relatively recently that researchers have
begun to quantify the releases of mercury and measure the concentrations of mercury
in the air, water and land. The serious nature of the pollution levels in China has now
begun to raise issues that could lead to regulation of mercury emissions in the future.
Feng (2005), Jiang et al. (2006), and Zhang and Wong (2007) have summarized the
state of knowledge about mercury pollution in China. In addition, concern has been
raised about transport of mercury away from the Asian continent and its contribution
to regional and hemispheric background levels (see, e.g., Friedli et al., 2004; Jaffe
et al., 2005; Pan et al., 2006). Coal combustion and nonferrous metals smelting are
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roughly equally responsible for mercury releases in China, supplemented by other
industrial operations (Streets et al., 2005; Wu et al., 2006a). This chapter only
addresses mercury releases from coal combustion. We discuss the contextual back-
ground for estimating emissions of mercury from coal combustion in China and
present estimates for the period 1995 to 2005 with a forward glance to 2020.

2.2 Results and Discussion

2.2.1 Coal use Trends, 1995-2005

The major determinant of mercury emissions from coal combustion is the amount
of coal burned. Coal consumption data for China are available by sector, coal type,
and province from the China Energy Statistical Yearbooks (NBS, 1998-2005). It is
important to distinguish between coal that is combusted directly and coal that is
diverted to other uses, because this has major implications for mercury release
rates. Trends in total raw coal consumption are shown in Figure 2.1. In 1995, total
raw coal consumption was 1460 Tg, of which the industrial sector consumed 482
Tg (33%) for direct combustion, slightly more than the power sector, 446 Tg (31%).
The residential sector consumed 138 Tg (9%). The remaining 27% of coal was used
for coal washing, coking, industrial feedstocks, briquettes, and miscellaneous types
of combustion. Coal use declined during the period 1996-1999 due to a variety of
economic and other reasons (see, e.g., Sinton and Fridley, 2000), but subsequently
began to increase quickly, as the economy of China underwent rapid expansion. By
2005, total raw coal consumption had risen to 2650 Tg, of which the major contributing
sectors were: power plants 1050 Tg (40% of total), industrial combustion 718 Tg
(27%), and residential use 138 Tg (5%).

Among the major coal-consuming sectors, the power sector was the leading sector
in total coal growth, increasing by an average of 8.9% annually during the period
1995-2005. The industrial coal-combustion sector showed a moderate increase in
coal use, 4.1% annually. Coal use in the residential sector was the same in 2005 as
in 1995 in absolute terms, meaning that its share had been slowly decreasing (-0.1%
per yr) mainly due to fuel transitions to cleaner gaseous and liquid fuels. Other uses
of coal have grown as well, notably a tremendous annual-average growth rate of
17.8% in the use of coal as industrial feedstock, mostly achieved during the past
five years. Figure 2.2 shows how the various uses of raw coal in the industrial sector
have changed during the period 1995-2005.

2.2.2 Mercury in Coal

A reliable determination of the average or typical concentration of mercury in
Chinese coals by province or nationwide is hampered by the innate heterogeneity
of mercury in coal, as well as the relative paucity and unrepresentativeness of
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rates for the entire period are shown in the caption

1,500,000
g‘ O For briquettes
[e}
S m Coking (8.2%)
o
% 1,200,000 1 O Cleaned coal (coking) (8.5%)
[%2]
% O Cleaned coal (combustion) (4.8%)
g 900,000 - ® Raw coal (coking) (0.9%)
c
g o Raw coal (combustion) (4.1%)
=
£ 600,000 -
Q.
€
>
[2]
j
3
o
= 300,000 -
o
O
©
(o]
'_
PO O AN XD ODNDL DO N>
9 2 2 & D O O OO
SRR SIS S SISO

Figure 2.2 Trends in industrial raw coal consumption in China, 1995-2005; annual-average
growth rates for the entire period are shown in the caption

measurements. Early Chinese studies on mercury emissions relied on limited sampling
data. Wang et al. (1999, 2000) and Zhang et al. (2002) used an average value for
the mercury concentration of Chinese coals of 0.22 g Mg, with a wide range of
0.02-1.92 g Mg, based on samples from fourteen provinces. Other estimates from
the Chinese literature are 0.15 g Mg' (Huang and Yang, 2002) and 0.16 g Mg
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(Zhang et al., 1999). All these estimates were based on sampling of raw coal in
coal-producing areas. An advancement in our understanding of mercury in Chinese
coals occurred through an initiative by the U.S. Geological Survey, as part of the
World Coal Quality Inventory, to measure about 300 coal samples from around
China in collaboration with the Institute of Geochemistry in Guiyang. They
obtained an average value of 0.15 g Mg with a 1Y, standard deviation of 0.14,
within a range of <0.2—-0.69 g Mg''. Finally, Zheng et al. (2007) summarized previous
studies of mercury in Chinese coals and reported new measurements of 1699 coal
samples, having an average concentration of 0.19 g Mg™'. The highest values of
mercury content in raw coal are found in Guizhou Province (~0.52 g Mg') (Zheng
et al., 2007). Figure 2.3 presents the average mercury content of raw coal, as mined,
for coal-producing provinces.

In order to obtain reliable estimates of the magnitude and spatial distribution of
mercury emissions, it is essential to know the mercury content of the coal as
burned, not just as mined. Therefore, it is necessary to relate the coal produced
(mined) in particular provinces to its consumption in each province. Streets et al.
(2005) and Wu et al. (2006a) developed a coal transportation matrix to link coal
production to coal consumption. Using a merged data set from the USGS data and
the Chinese literature data, they determined that the average mercury content of
coal as burned was 0.18-0.19 g Mg, varying very slightly in the range of 0.180 to
0.189 g Mg during the period 1995 to 2003, due to fluctuations in provincial coal
production. Streets et al. (2005) also calculated the mercury content of cleaned
coal, coal briquettes, and coke, as produced. They assumed an average Hg removal

0.6

National Average

Mercury content of coal as mined (g Mg™")

Figure 2.3 Mercury content of raw coal, as mined
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efficiency for coal cleaning of 30% that is independent of the mercury content; dur-
ing this period about 16% of total coal was cleaned in China. It was further assumed
that 10% of the mercury contained in a given coal remains in coke after the coking
process. Because there is no evidence of mercury removal during the briquette
production process, it was assumed that 100% of the mercury in the raw coal or
cleaned coal is transferred to the briquettes. Further tests on these and other
coal-derived products are clearly called for.

2.3 Mercury Released to the Atmosphere

Because mercury release rates and the speciation profiles depend greatly on com-
bustion technology, combustion conditions, and emission control technology, it is
necessary to define Chinese coal utilization practices rather carefully. Streets et al.
(2005) and Wu et al. (2006a) developed a model containing 65 individual source
types for coal combustion, 22 of which are for coal-fired power plants, 30 for indus-
trial use, nine for residential use, and four for other uses. The partitioning of each
combustion technology/control device/fuel type by province and sector over time is
built into their model based on a wide literature review.

In the past decade, the installation of particulate matter (PM) control devices in
boilers has increased significantly in China, especially in the power sector. Since the
mid-1980s, electrostatic precipitators (ESP) increased their share by 4-5% annually,
to replace wet particle scrubbers and cyclones in power plants. Now the share of ESP
installation in the total coal-fired power capacity is about 95% nationwide. However,
in the industrial sector, the penetration of PM control installation lags behind.
Although installation of wet particle scrubbers increased during the past decade, the
fraction of industrial coal use without any PM control device is still large at present,
close to 30%. The reasons are: (a) a large number of small boilers are scattered
throughout China, especially in the poorer and more remote provinces such as
Guizhou and Yunnan, without PM control; and (b) coke ovens, consuming a large
amount of raw coal and clean coal, are generally without PM control. Since the mid
1990’s, flue-gas desulfurization (FGD) also began to be installed in power plants to
reduce SO, emissions. In 1995, FGD installed capacity was only 0.7 GW, rising to
5 GW in 2000; however, by the end of 2005, the FGD capacity had reached 53 GW,
mostly in Sichuan (including Chongqing), Beijing, Shandong, Guangdong,
Heilongjiang, Jiangsu, and Zhejiang Provinces. It is essential to reflect the rapidly
changing mix of technologies in the coal-consuming sectors of China in calculations
of mercury emissions over time. Figure 2.4 illustrates how the mix of PM controls
changed during the period 1995-2003 in the power and industrial sectors.
Residential use is also an important coal-consuming sector in China, representing
7% of raw coal, 5% of cleaned coal, and 90% of briquettes in 1999. Traditional
cookstoves and improved cookstoves are the major combustion types for residential
cooking and heating, both of which are without any PM control device. In the big
cities, however, many residents obtain heat from centralized heating systems that
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Figure 2.4 Time development of the penetration of PM control devices in China in the power
sector (upper) and the industrial sector (lower), 1995-2003

use mid- or large-sized boilers. This part of the coal consumption for residential
heating use assumes the use of stoker boilers with cyclone controls. For farming,
construction, transportation, and commerce, the coal consumption is combined and
assumes the use of small stokers without any PM control.

The typical scheme for calculating mercury emissions from coal combustion is
illustrated in Figure 2.5. A fraction of the mercury contained in the fuel is not emitted
to the air but is retained in the bottom ash and disposed of as solid waste. The share
of Hg remaining in the bottom ash is different for different boiler types. Studies in
China (Huang et al., 2003; Zhu et al., 2002) indicate that only 1-2% of Hg remains in
the bottom ash for pulverized coal (PC) boilers in power plants; however, the ratio
may increase to 7-9% for industrial PC or fluidized-bed boilers and 17-18% for
industrial stoker-fired boilers (Wang et al., 2000; Wang and Ma, 1997).

The control technologies used to reduce traditional air pollutant emissions (e.g.,
PM and SO,) from coal-combustion boilers also remove some of the mercury from
the flue gas; however, the removal efficiencies vary widely. Until very recently,
there were few measurements of mercury removal efficiencies for Chinese boilers.
Wang et al. (1999, 2000) reported from measurements on two power plants in
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Figure 2.5 Calculation procedure for mercury emissions; F, = fraction released to the air

during combustion; F,_ = fraction reduced by emission control devices; F, = fraction emitted
by species type

Changchun that mercury collection efficiency averaged 26% within a range of 7-47%.
Zhu et al. (2002) suggested the following mercury removal efficiencies of the three
predominant types of PM control devices installed in boilers in China: (a) ESP has
a moderate removal efficiency of ~30%; (b) wet PM scrubbers show very little
benefit, with mercury removal efficiency of ~4-8%; and (c) cyclones remove essen-
tially no mercury (<0.1%). However, there is very little information about mercury
removal efficiencies on devices other than ESPs on PC power plants in China.

Recently, programs of testing mercury emissions from Chinese sources have
begun at Zhejiang University, Tsinghua University, and the Institute of Geochemistry
in Guiyang, and studies are beginning to be published in the peer-reviewed literature.
Tang et al. (2007), Chen et al. (2007), Yi et al. (2008), and Zhou et al. (2007) have
all reported test data, including investigation of the roles of chlorine and ash in
mercury release, but further work is needed to digest these results and generalize
them to the population of source types in China.

2.4 Emission Trends in China

Wang et al. (1999, 2000) and Zhang et al. (2002) were the first to report mercury
emissions from coal combustion in China, citing a value of 213.8 Mg for the year
1995. They further reported an annual average growth rate of ~4.8% a year for emissions
in the 17 years prior to 1995, rising from ~95 Mg in 1980 to ~160 Mg in 1990.
Predicted emissions for 2000 were 273 Mg. Streets et al. (2005) conducted a
detailed examination of mercury emissions from all sources and reported a value of
202.4 Mg for mercury from coal combustion in 1999, 38% of total emissions of
mercury in China (535.8 Mg). Wu et al. (2006a), using the same methodology and
data as in Streets et al. (2005), developed an emission trend from 1995 to 2003.
This trend incorporates the coal consumption and technology trends pre-
sented earlier. The results of that study are presented in Table 2.1 and Figure 2.6.
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Additionally, for this present report, the trend has been extended from 2003
to 2005.

Wau et al. (2006a) find that mercury emissions from coal combustion increased
from 202.4 Mg in 1995 to 334.0 Mg in 2005, an annual-average growth rate of
5.1%. The largest growth in mercury emissions (7.0% per year) has been in the
power sector, consistent with the growth in coal combustion in the power sector,
from 63.4 Mg in 1995 to 124.8 Mg in 2005.

Emissions from industrial coal combustion have grown by 4.9% per year, from
104.7 Mg in 1995 to 169.4 Mg in 2005. A formal uncertainty analysis has been
conducted on these estimates, following the method described in Streets et al.
(2003), and is shown in Figure 2.7. The 95% confidence intervals are approximately
+ 35%, changing little over the time period.

The mercury emissions have also been speciated as described in Streets et al.
(2005) and Wu et al. (2006a) across all emitting source types. The net result for coal
combustion — varying over all sectors, source types and technologies — is shown in
Figure 2.8 by province. This figure shows that the fraction of mercury emitted
in particulate form is particularly high in Guizhou Province and to a lesser extent
in Qinghai and Xinjiang Provinces.
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Figure 2.6 Trends in mercury emissions in China, 1995-2005; annual-average growth rates for
the entire period are shown in the caption
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Figure 2.9 Gridded mercury emissions from coal combustion for the year 1999 at 30 min x 30
min spatial resolution (units are Mg yr! per grid cell)

This is a combination of high Hg content of coals and extensive use of coal in
small, uncontrolled facilities. In the developed provinces — Guangdong, Shanghai,
and Zhejiang, for example — particulate mercury releases are low. For the nation as
a whole, the average speciation profile for mercury from coal combustion is: 64%
Hg™, 19% Hg(p), and 17% Hg". It should be noted that the mercury speciation
profiles used thus far have relied on western data sources and are subject to change
when new Chinese test data become available.

Streets et al. (2005) showed that the three provinces emitting the largest amounts
of mercury from coal combustion in 1999 were Guizhou (18 Mg), Shanxi (15 Mg),
and Henan (14 Mg) areas with heavy coal use and relatively low levels of technology.
Figure 2.9 presents the spatial distribution of mercury emissions from coal combustion
in 1999 at 30 min x 30 min resolution.

2.5 Future Mercury Emissions from Coal Combustion

Though mercury emissions from coal combustion have grown dramatically since
2001, there is hope for a change in the trend through the expected implementation
of FGD on power plants. China announced in its 11™ Five-Year Plan a renewed and
concerted effort to control SO, emissions, intending to achieve a 10% reduction in
2010 emission levels relative to 2005. This goal will mostly be achieved by the
installation of FGD units on a large number of power plants.

Reduction targets have been agreed upon with provincial governments and
power companies, favorable electricity rate pricing and loans have been granted,
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and SEPA has been given ministerial status (Ministry of Environmental Protection)
with greater enforcement powers. Even by 2006, the installed FGD capacity had
doubled relative to 2005, from 53 GW to 104 GW. Figure 2.10 shows that imple-
mentation of FGD is expected to reach 58% nationwide by 2010 and 67% nationwide
by 2020 starting with the developed coastal provinces and then spreading to the rest
of the country. Because FGD also removes some mercury along with the SO,, there
will be a significant co-benefit for mercury reduction.

The key question is whether the implementation of FGD on power plants will be
sufficient to offset the expected continued growth in power generation and coal
combustion. Figure 2.11(a) shows the expected growth in power generation and
coal use in the power sector out to 2020. Fast growth continues, with electricity
generation growth outpacing coal growth due to improvements in energy efficiency.
Coal use is expected to reach 1290 Tg in 2010 and 1770 Tg in 2020; electricity use
rises to 2.62 billion MWh in 2010 and 3.80 billion MWh in 2020. Although more
testing is needed to determine typical mercury removal efficiencies in Chinese
power plants, we assume 74% reduction from an ESP + FGD configuration.

With this assumption, annual mercury emissions from coal-fired power plants
are effectively held to about 2003 levels by 2010 (approximately 105 Mg) (Wu et al.,
2006b). About 61 Mg of mercury emissions are avoided through FGD in this
scenario, as shown in Figure 2.11(b). Emissions thereafter would begin to rise
again, but with a modest additional investment in selective catalytic reduction
(SCR) and activated carbon injection (ACI) technologies, 2020 emissions could
also be held to the level of 100 Mg or thereabouts (Wu et al., 2006b). So the prospect
of stabilizing mercury emissions from power plants is at hand.
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Figure 2.10 Expected extent of FGD implementation on coal-fired power plants in China in 2010
and 2020, showing percentage implementation rates in each province
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2.6 Future Research and Policy Implications

The existence of a mercury pollution problem has been known in China for several
decades, but it is only recently that quantification has been attempted. Estimates of
mercury emissions from coal combustion were first made about ten years ago, and
they have improved over time. Considerable progress has been made in understanding
the mercury content of Chinese coals. However, to a large extent, emissions
quantification has had to rely on technology performance data as measured in the
West. This is a considerable drawback, as we are not at all sure that facilities in
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China achieve the same level of performance as they do in the West-and many of
the special Chinese technologies have never been sampled at all. It was only in
2007 that a number of papers were published by Chinese researchers reporting on
field testing of mercury emissions and collection in Chinese plants. Over the next
few years, these results need to be collated, compared with western data, extrapo-
lated to the whole of China, and supplemented with additional test data. In particular,
the mercury collection efficiencies of PM control devices and FGD need to be
refined when burning coals with the special chlorine and ash specifications of
Chinese coals. When this has been accomplished, we will be able to have greater
confidence in the estimates.
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Chapter 3
Mercury Emissions from Industrial Sources
in China

Xinbin Feng, David Streets, Jiming Hao, Ye Wu, and Guanghui Li

Summary In this chapter, we reviewed mercury emissions from industrial sources in
China. The industrial sources included fuel oil for stationary sources; gasoline; diesel
and kerosene; biofuel combustion; Grassland/ savannah burning; waste and residue
burning; cement production; iron and steel production; caustic soda production;
non-ferrous metal smelting (Zn, Pb, Cu, and Au); mercury mining; and battery and
fluorescent lamp production. Mercury emission factors from most source categories
were obtained according to measurement data from Europe and North America.
The mercury emission factor for zinc smelting, which was believed to be the largest
industrial source, was adopted from the data of recent studies in China. We used the
information published in the literature to estimate the emission of different mercury
species. The total mercury emission from industrial sources in China was 253.07 Mg
in 1999. Non-ferrous metal smelting (including zinc, lead, copper and gold smelt-
ing) is the largest industrial mercury emission source in China and the total mercury
emissions reached 167.8 Mg. The total mercury emissions from industrial sources in
China in 1995 was 296.4 Mg, increasing to 360.5 Mg in 2003, at an average annual
growth rate of 2.90%. Due to lack of field measurement data to quantify mercury
emission factors for most of industrial sources, a large uncertainty is associated with
the current emission inventory. A number of studies need to be undertaken to reduce
the uncertainties. Surveys are needed to evaluate mercury contents in raw materials
of different industrial categories. Mercury balance studies are necessary for repre-
sentative plants of different industrial sources. The speciation of mercury emissions
from different industrial sources are also urgently needed in order to better understand
the atmospheric fate of mercury emitted from these sources.

3.1 Introduction

Global emissions of anthropogenic mercury to the atmosphere have been estimated
to be 1900 Mg in 1995 (Pacyna and Pacyna, 2002), of which 77% was from coal
combustion, with the remainder divided among non-ferrous metals production,
cement production, and waster disposal. However, the scenario of mercury emissions
from China may be quite different. Mercury emissions from industrial sources
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other than coal combustion contribute a significant portion of the total emissions
(Streets et al., 2005; Wu et al., 2006).

China has been regarded as one of the largest atmospheric mercury emission
sources from a global perspective (Pirrone et al., 1996; Pacyna and Pacyna, 2002)
due to rapid economic development. The increasing mercury emissions in China
have resulted in the elevation of mercury concentrations in ambient air both in urban
and rural areas in China. Average concentrations of total gaseous mercury (TGM)
in Guiyang, Guizhou Province, have been measured in the range of 5-15 ng m?
(Feng et al., 2002; 2003; 2004a; 2004b), attributed to uncontrolled coal-burning in
the residential and industrial sectors. In Beijing, Liu et al. (2002) measured TGM
concentrations in the range of 6-10 ng m during winter. Fang et al. (2001) measured
average particulate mercury concentrations of about 0.5 ng m? in North eastern
Changchun City, Jilin Province, rising to as high as 2 ng m during the heating season.
Xiu et al. (2005) measured somewhat lower levels of Hg in Total suspended particulate
(TSP) in Shanghai, in the range of 0.2-0.5 ng m*. The average TGM concentrations
in rural areas such as the Gongga Mountain area in South western China (Fu et al.,
2008) and the Changba Mountain area in North eastern China (Wan et al., 2008)
reached 3.98 and 3.22 ng m?, respectively, which were significantly elevated
compared to the values of 1.5 to 2.0 ng m? measured in rural areas in Europe and
North America (Ebinghaus et al., 2002; Schroeder et al., 2001; Lindberg et al., 2007).
These measurement data demonstrated that mercury emissions from anthropogenic
activities have resulted in elevated TGM concentrations in ambient air in China.
There are, however, tremendous uncertainties in mercury emission inventory estimates
for China simply because of the lack of direct measurement data to establish reliable
emission factors for different anthropogenic sources. Currently, the mercury emission
factors from different anthropogenic sources are generally adopted from the data
obtained from the studies conducted in Europe and North America. However, mercury
measurements of major emission sources in China are known to have been taken or
are underway, even if the data are, as yet, unpublished and unavailable, e.g., the
cement plant measurements made by US-EPA in cooperation with Chinese entities
and others, and power plants measurements made by US-DOE and Chinese universities
and authorities. In Chapter 2 of this report, Streets et al. (2008) reviewed mercury
emission from the coal combustion sector in China, while mercury emissions from
industrial sources will be evaluated in this chapter.

The major industrial mercury emission sources in China include fuel oil for
stationary sources; gasoline; diesel and kerosene; biofuel combustion; Grassland/
savanna burning; waste and residue burning; cement production; iron and steel
production; caustic soda production; non-ferrous metal smelting (Zn, Pb, Cu, and
Au); mercury mining; and battery and fluorescent lamp production.

A model has been developed to calculate mercury emissions from different
industrial sources in China (Streets et al., 2005; Wu et al., 2006). The basic concept
of the mercury emissions calculation is described by the following equation:

Et = 2 z I:efi,j,tAiij,j,tFRELj,t (1 - FREMj,t )] (1
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where E is the mercury emission; ef . it is emission factor for other fuels or
non- combustlon processes; A . is the amount of fuel consumption or production yield
of non-combustion processes; FRELJ is the fraction of mercury emitted to the atmos-
phere; Fremia is the fraction of mercury removed by emission control devices; j is the

type of combustlon with/without control devices; i is the province; and t is the year.

3.2 Emission Factors from Different Industrial Sources in China

Table 3.1 lists mercury emission factors from various industrial activities in China and
the majority of the data are adopted from Streets et al. (2005). Mercury emission factors
from the zinc smelting sector which is currently believed to the one of the largest

Table 3.1 Emission factors for total Hg from industrial sources in China

Source category Unit Emission factor
1. Fuel oil for stationary sources (e.g., power g Mg™' oil 0.014*
plants, industrial use)
2. Gasoline, diesel, and kerosene g Mg oil 0.058*
3. Biofuel combustion g Mg biofuel 0.020°
4. Grassland/savanna burning g Mg grass burning 0.080¢
5. Waste and Residue Burning 0.037¢
Agricultural residue g Mg 'residue 0.037¢ 2.80¢
Household waste g Mg waste 2.80°
6. Cement production g Mg cement 0.040f
7. Iron and steel production g Mg steel 0.04¢
8. Caustic soda production g Mg caustic soda 20.4"
9. Non-ferrous metal smelting
Zinc (Zn) gMg' Zn 5.7-155!
Copper (Cu) g Mg~ Cu 9.6
Lead (Pb) gMg'Pb 43.6
Gold (Au): large-scale production Mg Mg Au 0.79
Gold (Au): artisanal production Mg Mg Au 15.0¢
10. Mercury mining kg Mg Hg 45.0¢
11. Battery and fluorescent lamp production Mg Mg Hg used 0.05*

aFrom US EPA (1995).

®From Friedli et al. (2003a).

° Average emission factor for forests is 0.113 g Mg™! (Friedli et al., 2003b). We assume that grass-
lands are generally like forests in terms of long-term exposure to Hg, but with typically rather shorter
lifetimes for Hg uptake. This value is therefore lowered to 0.080 g Mg for grassland burning.
4From Friedli et al. (2003b).

°From UNECE/EMEP (2004).

fCoal related Hg emissions for cement production are excluded from this category. Energy intensity
of 0.196 Mg of coal Mg'of cement produced (Zhou et al., 2003) is used here to adjust emission
factor of 0.065 g Mg of cement (US EPA, 1997) to 0.040 g Mg of cement produced.

2From Pacyna and Pacyna (2002).

"From Qi et al. (2000).

"From Li (2007) and Feng et al. (2004).

JFrom Jiang (2004).

“From Qi (1997).
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mercury emission sources in China is adopted from recent studies by Li (2007) and
Feng et al. (2004). It is obvious that no field measurement data in China regarding
mercury emission studies is currently available in the open literature for most source
categories. Therefore, mercury emission factors from most source categories were
obtained according to measurement data obtained in Europe and North America.

Zinc smelting processes in China can be divided into two major types,
namely the pyro-metallurgic process (PMP) and the electrolytic process (EP).
The pyro-metallurgic process can then be divided into four sub-types, such as
the imperial smelting process (ISP), retort zinc smelting process (RZSP), elec-
tric zinc furnace (EZF), and artisanal zinc smelting process (AZSP). Total zinc
production in China reached 2.71 million Mg in 2004. It is estimated (Jiang,
2006) that 71.8% of total zinc production is based on EP technology, 7.7%,
5.9%, 13%, and 1.6% of total zinc production used ISP, RZSP, EZF and AZSP
techniques, respectively.

Using the mass balance method, Feng et al. (2004) calculated mercury emission
factors from artisanal zinc smelting using both oxide and sulphide ores and the
data are shown in Table 3.2. Applying the same method, Li (2007) investigated
mercury emission factors from four large scale zinc smelters using EP with flue
gas mercury removal devices and without flue gas mercury removal devices,
RZSP and ISP techniques, respectively and one artisanal zinc smelter using
oxide ores and the emission factors are listed in Table 3.2. We can see that
mercury emission factors varied significantly with different smelting processes
and decreased dramatically if mercury removal devices were applied for the
smelters. Streets et al. (2005) and Wu et al. (2006) used an averaged emission
factor of 86.6 g Mg! Zn to estimate mercury emission from zinc smelting
sources. From Table 3.2, we can clearly see that in most cases mercury emission
factors were much lower than the value that is currently used. Therefore, we have
applied these mercury emission factors in Table 3.2 to estimate mercury emissions
from different zinc smelting factories using different zinc smelting processes in
China in this paper.

Table 3.2 Mercury emission factors from zinc smelting using different smelting processes in China

Methods EF, (ug Mg™)  Information Source
Artisanal Zn Smelting using oxide ore 75 Li, 2007

Artisanal Zn Smelting using oxide ore 79 Feng et al., 2004
Artisanal Zn Smelting using sulfide ore 155 Feng et al., 2004
Electrostatic Process (EP) with mercury removal device 5.7 Li, 2007
Electrostatic Process (EP) without mercury removal 54 Li, 2007

device
Retort Zn Smelting Process RZSP) 34 Li, 2007

Imperial Smelting Process (ISP) 122 Li, 2007
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3.3 Speciation of Mercury Compounds from Different
Industrial Sources in China

Primary emissions are classified according to gaseous elemental mercury (Hg®),
divalent gaseous mercury (Hg™), and particulate mercury (Hg(p)). Generally no
field measurement data on the speciation of mercury from the industrial sources is
available from open literature. Streets et al. (2005) and Wu et al. (2006) used
measurements from Pacyna and Pacyna (2002), and Friedli et al. (2001, 2003a, b)
for different industrial sources as shown in Table 3.3.

3.4 Emissions from Different Industrial Sources in China in 1999

Streets et al.(2005) estimated anthropogenic mercury emissions in China for the year
1999 and the total emission from industrial sources other than coal combustion reached
32795 Mg. We recalculated the total mercury emissions from industrial sources
according to the emission factors listed in Table 3.2 and the total mercury emission was
253.07 Mg as shown in Table 3.4. The difference between these data sets is from the
estimate of mercury emission from zinc smelting. We used the new mercury emission
factors to estimate mercury emissions from zinc smelting factories using different
processing techniques according the studies by Li (2007) and Feng et al. (2004).

It can be seen that non-ferrous metal smelting (including zinc, lead, copper and
gold smelting) is the largest industrial mercury emission source in China and the
total mercury emissions reached 167.8 Mg, which constituted 66% of the total

Table 3.3 Speciation of total mercury for each major source type (as fraction
of the total)

Source category Hg"  Hg™  Hg(p)

1. Fuel oil for stationary sources (e.g., power 0.50  0.40 0.10
plants, industrial use)®*

2. Gasoline, diesel, and kerosene combustion®®  0.50 0.40 0.10
3. Biofuel combustion® 0.96  0.00 0.04
4. Grassland/savanna burning® 096  0.00 0.04
5. Waste and residue burning® 0.96 0.00 0.04
6. Cement production® 0.80 0.15 0.05
7. Iron and steel production® 0.80 0.15 0.05
8. Caustic soda production* 0.70  0.30 0.00
9. Non-ferrous metal smelting® 0.80 0.15 0.05
10. Mercury mining® 0.80 0.15 0.05

11. Battery and fluorescent lamp production® 0.80  0.15 0.05

*From Pacyna and Pacyna (2002).
> From Friedli et al. (2001, 2003a, 2003b).
¢ Assumed to be the same profile as other non-combustion sources.



72 X. Feng et al.

Table 3.4 Summary of Hg emission estimates (Mg) for industrial sources associated with fuel
consumption and materials production and use in 1999

Fuel consumption or

Source category material yield (Mg)  Hg Hg° Hg® Hg(p)
Fuel oil for stationary sources ~ 33.8 x 10°¢ 0.47 0.24 0.19 0.05
Gasoline, diesel, and kerosene  96.8 x 10°? 5.61 2.81 2.25 0.56
Biofuel combustion 413.0 x 10°° 8.26 7.93 0.00 0.33
Grassland/savanna burning 52.1 x 10°%¢ 4.17 4.00 0.00 0.17
Waste and residue burning 5.94 5.71 0.00 0.25
Agricultural residue 105.3 x 10°6°¢ 3.90 3.74 0.00 0.17
Household waste 0.7 x 1064 2.05 1.96 0.00 0.08
Cement production 566.9 x 10°¢ 22.68 18.14 3.40 1.13
Iron and steel production 123.0 x 10°° 4.92 3.94 0.74 0.25
Caustic soda production 9.3 x 10°¢ 0.19 0.13 0.06 0.00
Non-ferrous metal smelting 167.8 13423 25.17 8.39
Zinc (Zn) 1.7 x 106f 73 58.4 10.95 3.65
Copper (Cu) 1.1 x 10°° 10.12 8.09 1.52 0.51
Lead (Pb) 0.9 x 10°F 40.08 32.06 6.01 2.00
Gold (Au): large scale 20.4 ¢ 6.10 12.88 2.41 0.80
Gold (Au): artisanal 19¢ 28.50 22.80 4.28 1.43
Mercury mining 195.0f 8.78 7.02 1.32 0.44
Battery/fluorescent lamp 485.0h 24.25 19.40 3.64 1.21
production

Total 253.07  203.55 36.77 12.78

*From NBS (2001).

*From ECCCEY (2000).

¢From Streets et al. (2003b).

4From Jiang (2004).

¢From NBS (2000).

fFrom ECCNMI (2000).

¢ Artisanal gold smelting activities were officially banned in September 1996, but some mines
continue to operate surreptitiously. In our study, we assume artisanal gold production in 1999 is
1.9 Mg, one-third of 1995 artisanal gold production (Feng, 2005).

"This is the amount of Hg used in battery and fluorescent lamp production (Jiang, 2004; Yang
et al., 2003).

mercury emissions from all industrial sources excluding coal combustion. Zinc
production in China is increasing significantly, reaching 1.7 million Mg in 1999.
We estimated that total mercury emissions in 1999 were 73 Mg which is less than
the value of 147.6 Mg estimated by Streets et al. (2005). Copper production in
China was about 1.1 million Mg in 1999. Total mercury emissions from copper
smelting were 10.12 Mg. Hg emissions from copper smelting are much lower than
those of zinc smelting due to the use of a lower emission factor for copper smelting
(9.6 g Mg of copper produced) in the estimation, which mainly results from much
lower mercury contents in copper concentrate ore than those in zinc concentrate
ore. Lead production in China was about 0.9 million Mg in 1999. It is estimated
that total mercury emissions from lead smelting were 40.08 Mg.
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In 1999, the 15 largest lead smelting plants contributed 57% of total lead yield.
Most of these large plants are located in Hunan, Yunnan, Henan, and Guangdong
Provinces (Streets et al., 2005). Because mercury emissions from gold smelting
using amalgamation technology are strongly affected by the size of the smelting plant,
the gold smelting process is separated into two parts: large-scale gold smelting in
industrial plants and small-scale artisanal gold smelting.

Amalgamation technology is gradually being phased out in the large-scale gold
smelting plants. In 1999, only about 20 Mg of gold were produced from large-scale
plants using amalgamation technology, which resulted in 16.10 Mg of total mercury
emissions. Although artisanal gold production was small in 1999, mercury emissions
were still large due to the high emission factor for this process (Feng, 2005). It is
estimated that total mercury emissions from small artisanal gold smelting were
28.50 Mg in 1999. Artisanal gold smelting was officially banned in September
1996, though it persists in remote areas. It is difficult to get precise gold production
estimates from these small activities, and the mercury emission estimates from this
activity are subject to large uncertainties. Battery/fluorescent lamp production and
cement production emitted 24.3 and 22.7 Mg of mercury, which constituted 10%
and 9% of the total mercury emissions from all industrial sources except coal
combustion, respectively. Other sources contributed about 15% of the of the total
mercury emissions from all industrial sources excluding coal combustion.

As shown in Table 3.4, among the total emission of 253.1 Mg from various
industrial sources, 203.55 Mg, 36.77 Mg and 12.8 Mg were emitted as Hg®, Hg™
and Hg(p), respectively. Gaseous Hg® is the major form of mercury emitted from
industrial sources other than coal combustion, and it constituted 80% of total
mercury emissions. Divalent gaseous mercury (Hg™) and particulate mercury
(Hg(p)) constituted 15% and 5% of total mercury emissions, respectively.

3.5 Mercury Emission Trends from 1995 to 2003

Wu and co-workers (2006) developed multiple-year inventories of anthropogenic
mercury emissions in China from 1995 through 2003. After updating mercury
emissions estimates from zinc smelting using the new emission factors (Li, 2007
and Feng et al. 2004), we also analysed mercury emission trends for the industrial
sources from 1995 to 2003 as shown in Table 3.5.

The total mercury emissions from industrial sources in China in 1995 was 296.4
Mg, increasing to 360.5 Mg in 2003, at an average annual growth rate of 2.90%.
Non-ferrous metals smelting operations are known to be one of the largest sources
of mercury in China (Streets et al., 2005; Wu et al., 2006). Due to fast economic
development in China, the demand for non-ferrous metals is increasing signifi-
cantly. As a result, total mercury emissions from the non-ferrous metals smelting
category (zinc, lead, copper and gold) increased rapidly at an annual average rate
of 4.30%, from 182.5 Mg in 1995 to 248.0 Mg in 2003.
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In this category, zinc smelting is the largest single sector in total mercury emissions,
reaching 115.0 Mg in 2003 at an average annual rate of 11.6%. However, lead
smelting was the leading sector in mercury emissions growth: from 26.5 Mg in
1995 to 70.7 Mg in 2003, increasing by 13% annually. Total mercury emissions
from copper smelting increased to 17.6 Mg in 2003, increasing at an annual rate of
6.9%. Gold smelting is the only sector with decreasing mercury emissions in this
category, attributed to an official ban of artisanal gold production in China since
1996. In 2003, total mercury emissions from gold smelting were 44.7 Mg, compared
to 95.6 Mg in 1995. It should be noted that the estimate of mercury emissions from
metals smelting is subject to a high uncertainty due to limited test samples, lack of
detailed information on metal smelting processes in typical Chinese plants, and
lack of precise production estimates from small activities (Wu et al., 20006).

Besides non-ferrous metals smelting, cement production, mercury mining, battery
and fluorescent lamp production, household waste burning, and biofuel burning are
also major contributors of mercury emissions during the whole period or part of the
period (1995-2003). Total mercury emissions from cement production (coal-related
emissions are excluded to avoid double-counting with industrial coal use) increased
steadily from 19.9 Mg in 1995 to 35.0 Mg in 2003, at an annual rate of 7.4%.
In China, domestic mercury mining shrank dramatically in the late 1990s, but has
rebounded since 2002. As a result, the total Hg emissions from mercury mining
fluctuated significantly, decreasing from 35.1 Mg in 1995 to 8.7 Mg in 2001, then
back up to 27.5 Mg in 2003. However, mercury emissions from artisanal mercury
mining activities in Guizhou during that period of time were not included because
it is very difficult to obtain the precise mercury production from this small scale
mercury mining activity. It was estimated that the annual mercury emissions from
artisanal mercury mining activity in the Wuchuan mercury mining area in Guizhou
reached 3.9 to 9.8 Mg (Li et al., 2006). Mercury containing batteries are being
phased out in China due to the release of a stringent standard in December 1997.
Therefore, total mercury emissions from this sector increased initially, from 29.1
Mg in 1995 to 49.7 Mg in 1997, then decreased significantly from 1998, to as low
as 3.7 Mg in 2003. Biofuels dominate rural energy supply in China. Total mercury
emissions from biofuel burning have remained nearly constant, at around 10 Mg
annually. Although household waste burning contributed only 0.6 Mg of mercury
emissions in 1995, it is the leading sector among all of the mercury source sectors
in emission growth, reaching 10.4 Mg in 2003 at an annual growth rate of over
40%. This is simply because the living standards of Chinese people has increased
latterly and consequently the amount of waste produced by each family increased.
Among other miscellaneous small sources, liquid fuels (gasoline, diesel, and kero-
sene) and iron and steel production are two sectors with high mercury emission
growth, at annual average growth rates of 7.2 and 11.2%, respectively.

It is estimated that 81% of total mercury from industrial sources in 2003 is
released as Hg®, 14% as Hg"W, and 5% as Hg(p), compared to 80% as Hg’, 15% as
Hg™, and 5% as Hg(p) in 1995.
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3.6 Uncertainties

Quantifying Hg emissions is more difficult than quantifying, say, SO, or NO,,
because the emissions come from so many source types, not primarily combustion
sources. In this respect Hg emissions are similar to VOC emissions. It is acknowledged
that for some types of sources very little is known about actual activity levels and
emission factors, and the choices in such cases rely heavily on inferences of activity
levels from quite limited and uncertain statistical information. On the other hand, at
least for combustion sources and releases from mercury containing ores, total emis-
sions are constrained by the Hg content of the raw material, in a similar way to the
sulfur content of fossil fuels, and this acts to reduce the uncertainty. Several factors
influence the estimation of emissions, including emission factor and activity level.
We estimate the uncertainty for each emitting sector by combining the coefficients
of variation (CV, or the standard deviation divided by the mean) of the contributing
factors. We then combine these uncertainties to estimate the total uncertainty of Hg
emission estimates by quadrature average when the source estimates are uncorrelated.
We follow the same detailed methodology for uncertainty analysis that was described
in the TRACE-P inventory paper of Streets et al. (2003a). Figure 3.1 shows the
results of uncertainty estimation in Hg emissions by source type.

The general findings are that Hg emissions are known least well in the artisanal
gold smelting sector (+450%), followed by the mercury mining sector (+340%).
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Figure 3.1 Uncertainty (%) in Hg emission estimates (95% confidence intervals, +) by sector
(modified from Streets et al., 2005)
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As the confidence intervals are frequently greater than the mean, the presentation
of relative confidence intervals >+100% might suggest that the lower confidence
interval is negative. However, the true confidence interval is not symmetric about
the mean because some of the underlying variables are log-normally distributed.
A better interpretation of “+400%”, for example, might be “within a factor of five”
so that the confidence interval would be 20-500% of the mean given.

3.7 Future Research and Policy Implications

Due to the fact that high uncertainties are associated with the current mercury emission
inventory from industrial sources other than the coal combustion sector, a great
number of studies need to be undertaken to reduce the uncertainties. First of all,
surveys are needed to evaluate the mercury content of the raw materials of different
industrial categories. Knowing mercury contents in raw materials, we can easily
constrain the upper limit of mercury emissions from industrial sources. However,
information regarding the mercury content of raw materials in industrial sectors is
extremely scarce in China. Secondly, mercury balance studies are necessary for
representative plants of different industrial sources. Until we know the mercury
balance in an industrial process, it is impossible for us to determine what percentage
of mercury in raw materials is emitted to the atmosphere. This kind of study is
rarely reported in open literature in China. Thirdly, the speciation of mercury emissions
from different industrial sources are also urgently needed in order to better understand
the atmospheric fate of mercury emitted from these sources. Once we have all the
above mentioned information, we will have accurate mercury emission inventory
from industrial sources in China.
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Chapter 4
Mercury Emissions from Industrial Sources
in India and its Effects in the Environment

Arun B. Mukherjee, Prosun Bhattacharya,
Atanu Sarkar, and Ron Zevenhoven

Summary This study describes the atmospheric mercury (Hg) emissions from
industrial sources in India for the years 2000 to 2004. In India emission inventories
of Hg and other trace elements from anthropogenic sources have been largely
neglected, although the GDP (Gross Domestic Products growth) has touched 9.6%
at the beginning of the 21* century. In coal production India is the third largest in
the world, whereas Indian cement and brick production have reached second place
in the world. With increased industrial development, acute pollution problems have
been identified in the subcontinent. There is no consistent earlier information for Hg
emissions to the environment for any sectors of industry. This paper may be the first
road map in which we have tried to find out the total emission of Hg from a wide
range of sources, e.g. from coal combustion to clinical thermometers broken during
production or packing. There is a lack of basic data and in an attempt to correct
this, emission factors suitable for Asian countries have been selected to complete
this study. Before this document, there were some efforts in Europe to develop
emission inventories for Hg from coal combustion or chlor-alkali plants for India. In
this study it was found that total atmospheric emission from industrial sources has
decreased from 321 Mg in 2000 to 253 Mg in 2004 due to a switch for the membrane
cell process in the chlor-alkali industry. In 2004 the largest part of the Hg emissions
stemmed from coal combustion in thermal power plants. Hg-cell technology had
been used earlier in chlorine and sodium hydroxide production, as a result of which
Hg concentration in terrestrial and aquatic species are nowadays quite high in coastal
areas. India can thus be referred to as a mercury “hot spot”. We have received
limited information on emissions of Hg from industrial sources in India. Estimates
are based on emission factors and the values taken from the literature. Against
a background of limited data and information, this paper gives an overview of Hg
emissions in India and of the recent steps undertaken by authorities to curb the emissions
of Hg and its subsequent trans-boundary movement in the global environment.

N. Pirrone and R. Mason (eds.), Mercury Fate and Transport in the Global Atmosphere, 81
DOI: 10.1007/978-0-387-93958-2_4, © Springer Science + Business Media, LLC 2009
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4.1 Introduction

Economic advancement of any country whether developed or developing depends
on capital to provide the rapid growth of manufacturing industries, infrastructure,
and for the modernization of economies and societies. For the past three decades,
India has achieved increased production of metals, cement, fertilizers, chlorine,
pulp and paper as well as heat and electricity, through burning of coal, natural gases
and oil (Table 4.1). Hence the country became one of the most rapidly growing
economies with an average annual growth of 9.6 percent and it has later crossed the ten
percent level (Choi, 2003). During the course of development, industrial management
and the government authorities did not pay adequate attention at the regional
or central levels, to pollution problems due to mining operations, metal smelting,
electroplating, energy and fuel consumption, sludge dumping and many others
operations causing pollution problems in the terrestrial and aquatic environments.
Examples of soil pollution as well as other pollution problems in the aquatic and
terrestrial environment are well documented in India (Kumar et al., 1995; Choi,
2003). In the industrial area of Chhattisgarh state, water discharged from different
industries such as thermal power plants, the steel industry, the cement industry, sulfuric
acid plants, rice mills, coal washing etc, was cited to contain total Hg between
6.7 — 678 ng mL"' with mean and median values of 118 and 49.3 ng mL, respectively.
High concentrations of Hg in human hair have also been reported in Chhattisgarh
state. Human activities redistribute Hg in a manner that causes elevated concentrations
of pollutants in the human food chain (Nriagu and Pacyna, 1988).

Table 4.1 Production of metals, coal, residue fuel oil and cement in India, 2000-2004 (7g)

Element 2000 2001 2002 2003 2004
Copper, Cu' 0.256 0.293 0.385 0.391 0.401
Sec. Copper* 0.007
Lead, Pb' 0.057 0.074 0.064 0.078 0.042
Sec. Pb* 0.040-0.050
Zinc, Zn' 0.176 0.207 0.232 0.254 0.238
Sec. Zn* 0.065
Pig Iron, Fe! 21 22 24 24 25
Raw Steel 27 27 29 32 32
Hard coal? 310 312.5 333.7 340e 373
Residue fuel oil 7.965 8.308 7.855 6.905 7.267
production®
Cement' 100 100 100 110 111e

In italic = estimated value
'http://minerals.usgs.gov/minerals/pubs/commudity
2USGS, 2005; www.worldcoal.org accessed on 11.29.2007
SIEA (2007);

4Secondary metal production for 2004.

Information received from Indian Copper Development Center, Kolkata (2007) and Indian Lead
and Zinc dev Association, New Delhi (2007). Note: The authority mentioned that production of
secondary lead varies between 40000 to 50000 Mg in a year
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Among the several trace elements in the periodic table, Hg is considered as a
toxic trace element to humans, animals, and the ecosystem because of its unique
geochemical characteristics. It is a natural element that cannot be created or destroyed
and the same amount has existed on Earth since the planet was formed. It exists in
several states: Hg-metallic liquid, Hg vapour, inorganic Hg® (mercurous salts)
inorganic Hg!Y (mercuric salts) and gaseous Me-Hg (Drasch et al., 2004). There is
global concern regarding the recycling of this element, especially in the Indian
subcontinent and China where less attention has been paid to the environmental
consequences of increased production of chlorine, metals, waste incineration and
coal combustion as well as brick manufacturing in India. It has been suggested that
the overall amount of Hg mobilized and released in the Indian atmosphere has
decreased slightly in recent years, although there is no emission inventory of Hg
from these facilities and the data availability is scarce. This is further complicated
by the fact that the decision makers still pay minimal attention to the issues concerning
Hg emission and related environmental hazards. Even in the international journals
little attention has been paid to the atmospheric Hg emission into the techno
sphere in India. In general, the state of Hg and other trace metal research is not well
established as compared to the western world.

In India, there are no cinnabar ore resources for the production of Hg and neither is
there information that indicates whether Hg is recovered as a by-product from certain
processes. There is controversy regarding the amount of Hg imported from the
European Union (EU) and other countries, but the total import amount has decreased
from 253.7 Mg in 1996 to 123.4 Mg in 2004 (Pandey, 2006). This imported Hg is
generally used in chlor-alkali plants and the leading Hg users are shown in Table 4.2.

Table 4.2 Leading mercury users in India (1998 — 2001)

Sector Hg content per unit Units produced  Total Hg (Mg)

Chlor-alkali ~ 200 g Hg used per Mg of Cl, 450,000 * 70
produced

Thermometers 06-10g¢g 8957,000 ® 7.2

Batteries Alkaline not more than 25 mg NA

Hg-Zinc Total 33 to 50% by wt of the battery 1,650 million © 25

Zn-Carbon Total 1% Hg by wt of the battery NA

Fluorescent lamps 0.0252 - 0.080 g per lamp * 150 million ¢ 7.89

Thermostat switches 3-6g 4051,000 ¢ 18.23

Alarm clocks Average 0.6 — 0.7 g unit! 1481,000P ® 0.96

Hearing aids 0.4 g unit’! 95,500 © 0.04

Sum 129.32

*Environmental rating of Indian Caustic-Chlorine Sector, Green Rating Project (2002), Center for
Science and Environment.

*Industrial Handbook, Centre for Industrial & Economic Research /Delhi), 1998

¢Industrial Handbook, Centre for Industrial & Economic Research /Delhi), 2000-2001
dhttp://www.Indianfoline.com/auto/db01.html

*Telephone conversion with Battery Industrial Official

"Draft Wisconsin Mercury Sourcebook, Wisconsin Department of Natural Resources (USEPA,
May 1997)
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There is no information of cross-boundary flow of Hg vapour from India to other
parts of the world except for the Himalayas (covering an area of roughly 6 x 103
km?). The study by Banic et al. (2003) suggests that Hg has the capacity to move
to high altitudes. During snow deposition, Hg"” can be photo-reduced to elemental
Hg and remitted back into the atmosphere. It is still unknown how Hg species at
the Himalayan region precipitates in the terrestrial and aquatic environment in
mountain areas (Loewen et al., 2005).

A recent emission inventory of Hg by Jaffe et al. (2005) indicated that Asian Hg
accounts for more than 50% of the global anthropogenic release of Hg. These
authors confirmed that the ratio of Hg/CO is a good indicator of Asian industrial
flow, including India. These authors suggested that it is possible to calculate Hg
emission based on the Hg/CO ratio and the inventory of CO emissions. Lindberg
et al. (2007) pointed out that biogeochemical cycling of Hg is similar to that of
carbon (C), sulphur (S) and nitrogen (N). However, levels of Hg emissions in the
form of aqueous and atmospheric Hg on the Indian subcontinent are alarming.
Recently, Srivastava (2003) outlined the sources of Hg and its risks to the Indian
environment. Studies by Weiss-Penzias et al. (2003) indicated that industrial emis-
sions of Hg from Asia can be transported across the Pacific within five days.

Mercury in the air consists of two main chemical forms, being elemental Hg
(Hg" and divalent Hg compounds which are in gaseous forms or are bound to
particles in the atmosphere. Mercury can also exist in the environment in the form
of organo-metallic compounds e.g. methyl mercury (MeHg). But, the speciation of
Hg in the aquatic environment determines its chemical reactivity, mobility and
biological activity. Mercury is deposited over land, water, and forest regions either
by wet (Figure 4.1) or dry deposition. But the enhanced wet deposition rates close
to major Hg sources through cloud-droplet activation and precipitation scavenging

\

d

Figure 4.1 Chemistry of wet deposition of mercury (reproduced from Lindqvist et al., 1991)
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have been confirmed (Dvonch et al., 1998; Munthe et al., 2001). However, the
deposition rate is highest in regions where elevated rain fall or snow fall occurs.
The humidity in India is quite high especially in the south, middle and eastern parts,
where deposition of Hg is expected to be highest. In northern Europe in the 1990s,
an ~ 40% decrease of wet deposition in southern Sweden was a result of a decrease in
air concentrations, and thus in the wet deposition rate of Hg (Munthe et al., 2001).

International transport of Hg in the Indian subcontinent has not been studied
sufficiently, as a result of which it is impossible to predict its effects in terrestrial,
aquatic and freshwater ecosystems. Atmospheric Hg can be deposited to aquatic
systems in the Himalayas region, which may be the source of Hg in river water,
sediments and head water systems. Subraminium et al. (2003) measured Hg in fish
species (0.069 — 3.920 mg kg! wet wt), sediment (0.16 — 5.71 mg kg') and water
(0.17 — 2.351 mg L!) from the Indus River. These authors did not mention Me-Hg
in Indian fish. It should be remembered, however, that many variables must be
considered, such as atmospheric processes mixed with aquatic variables, which will
dictate the overall levels of Me-Hg in fish tissue (Downs et al., 1998).

After the first international conference on “Hg as a Global Pollutant” in 1990 at
Givle, Sweden, understanding of Hg chemistry in the ecosystem has increased among
the scientific community. Still our scientific understanding of Hg in ecosystems is not
absolute and is rarely complete (Lindberg et al., 2007). Weiss-Penzias et al. (2003)
measured gas-phase elemental Hg (Hg®), inorganic reactive gaseous mercury (RGM)
and particulate Hg (Hg(p)) in the marine boundary layer of Washington state, USA in
2001 —2002. It has also been observed that in the Polar regions, Hg® can be converted
to RGM by chemical reaction with halogen species (Ebinghaus et al., 2002).

One rather difficult question is whether emission inventories are consistent with
observations. Emission factors can be used to estimate the emission of an element,
but this approach is far from perfect (Pacyna et al., 2006a). In the view of those authors,
the accuracy of emission estimations is based on the accuracy of emission factors
available in the Emission Inventory Guidebook (UN ECE, 2000, (http://www.epa.
gov/ttn/chief/ap42/ndex.html). However, emission factors will give a useful guideline
to the emission of an element or species from industrial or natural sources.

Many authors have identified natural sources of Hg emissions (not in India), for
example, from forest fires, sands, oceanic mist, volcanic activities, photo reduction
of divalent Hg in natural waters. The weathering of bed rocks may contribute to
high concentrations of Hg (100 ng g'). Wide ranges of Hg in rocks (Table 4.3)
determine equally wide ranges of natural background levels in soils and sediments,
impacting on Hg bioaccumulation in aquatic and terrestrial species. In addition,
laboratory studies have quantified the Hg emissions from soils where solar radiation
has enhanced Hg emissions (Gustin et al., 2002). We must understand the natural
background levels of Hg species before any conclusions on anthropogenic Hg input
may be drawn. The Hg in the freshwater food chain may be due to the global increase
in the background level of total Hg (Rohde, 1996).

This study (November 2007 — May 2008) is based on a literature survey with a
final goal to estimate Hg emission from industrial sources in India. Stack emission
measurements are not mandatory in Indian industry. Hence no emissions data are
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Table 4.3 Mercury concentration in different rock samples (from different sources)

Source Hg (ng g) Range (ng g7) Location
Ocean ridge basalt 10*

Granite porphyry 117 5-468 Maine
Gabbro, Granite 10 - Minnesota
Granite, (Granodiorit) 30% -
Granite,( Rhyolite) 3.5 1.4 -281 Sweden
Limestone 6 0.8-31.2 Sweden
Limestone - 40 - 50* -
Sandstone 110 - -
Sandstone - 40 - 100*

Black shale 234 31.9-340 Sweden
Shale 5.9 0.9-335 Sweden
Shale - 180 — 400%*

Mafic (Basalt) 39 02-17.7 -

Mafic - 4 —10* -

“Source: Kabata-Pendias and Pendias (2001)

available in the literature for trace metals, including Hg. In addition information on
atmospheric Hg emissions is very limited or non-existent in sources presented by
the government. Several Indian organizations and companies were contacted for
information during this study but the response was very poor or nil.

In the present study, the estimated atmospheric Hg emissions are based on emission
factors for the European Union (EU), for the U.S., from the literature and from the
limited information received from India. An emission factor is a representative
value that attempts to relate the quantity of a pollutant released to the atmosphere with
an activity associated with the release of that pollutant. The general equation for
emissions estimation is:

E = A x EF x (1-ER/100) (1

where:
E = emission;
A = activity rate;
EF = emission factor, and
ER =overall emission reduction efficiency, %
Here we did not deal with emissions from secondary metal production as there
are no emission data available. This document is by no means complete, but gives
a first road map on how to deal with emission patterns of Hg in India.

4.2 Results

There is no doubt that industrial development has contributed to momentous
economic growth in India over the last few decades, which has not, however, spread
uniformly in society. Industrialization, population growth, urbanization, and unbalanced
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uses of raw materials have created enormous air pollution, causing acute environmental
problems (Garg et al., 2006). Never before in the history of mankind have such vast
environmental risk factors from Hg, or natural danger to humans, terrestrial and
aquatic species been reported. Hence, education and awareness programs must be
launched across the Indian subcontinent to educate the population on the risks from
Hg and other trace element exposure, addressing especially the most vulnerable
sectors of the population e.g. pregnant women and children (Srivastava, 2003). It is
well recognized that Hg is widely spread in India and in this study we have dealt
with industrial emissions of Hg from the following sources:

e Coal combustion

e Iron & Steel Industry

e Non-ferrous metallurgical plants

e Chlor-alkali plants

e Cement industry

e Wastes

e Biomass burning

e Others (e.g. brick manufacturing, instruments, clinical thermometers)

In this study, no information was available from the pulp & paper industry or
from the oil and petrochemical industry in India.

4.2.1 Coal Combustion

Coal reserves are distributed widely across the planet, but recoverable reserves are
reported for only seventy countries. It has been estimated that world coal reserves
may be sufficient for at least another 2-3 centuries whereas the figures for oil and gas
are 41 and 65 years, respectively, at current production levels. In India, the coal mining
area covers some 855 km? and the total number of coal mines is 572 (March 2004),
of which 170 are opencast, 359 underground and 33 mixed (Mine Closure, 2005),
Figure 4.2. India is the third largest hard coal producer in the world after the PR
China and the USA. Coal production has increased from 310 Tg in 2000 to 373 Tg
in 2004. About 70% of the heat and electricity production in India depends on
indigenous coal. From time to time, steam coal (11 Tg in 2001) and coking coal
(9.8 Tg in 2001) have been imported, which in 2005 had increased to 41 Tg of
steam and coking (19 Tg) coals (GOI, 2006). Coking coals are primarily consumed
in the iron and steel industry. There are 81 thermal power plants in India, three of
which are not operating currently.

The occurrence and distribution of Hg in different compartments of ecosystems
has been studied by many authors. Mercury is a chalcophile element, having
great affinity for sulphur-containing compounds. This element (which in pure form
and at ambient conditions is a liquid) is generally incorporated in pyrite (iron sulphide)
and the concentrations of Hg vary with mineral paragenesis (Kolker et al.,
2006). Due to its high vapour pressure and physicochemical properties, the element
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Figure 4.2 Coal reserves in India, 2004

vaporizes easily during processing and thereby is released into the atmosphere.
In India, gas cleaning equipment is not modern (involving almost exclusively
only fly ash (FA) emissions control) and there are no flue gas desulphurisation
(FGD) plants.

For estimation of Hg emission from coal and other products, emission factors
have been selected and occasionally estimated in the current study (Table 4.4).
Mercury in coal has been measured by the Pollution Control Research Institute of
Bharat Heavy Electricals Ltd, India (Table 4.5) whereas the Centre for Science and
Environment (CSE, 2005) pointed out that the concentration of Hg in Indian coal
varies between 0.01 and 1.1 mg kg' (= ppm-wt). For estimation of Hg emission
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Table 4.4 Emission factors of mercury from industrial sources used for India

Source Category Unit EF Reference
Coal fired power plants g Mg~'Coal 0.3, 0.324* 1,2
Residential and commercial boiler g Mg Coal 0.5 1
Crude steel production g Mg Steel 0.08%* 2
Residual fuel oil combustion g Mg oil 0.065 10, 11
Non-ferrous metal production

- Copper g Mg™" Cu production 15 3,4
- Zinc g Mg Zn production 8 1

- Lead g Mg Pb production 43.6 5,6
Caustic soda production g Mg~ NaOH production 20.4 7
Cement production g Mg™' Cement 0.042%* 2
Wastes

- Municipal solid waste (MSW) g Mg MSW 1.0 1,3
- Medical waste g Mg~ Medical waste 20 3

- Electronic waste** 8
Miscellaneous

- Bricks g Mg brick 0.0214 9
Chlor-alkali plants g Mg of NaOH 20.4 7
Forest burning g Mg of fuel 0.242 12
Non-forest burning g Mg of fuel 0.041 13

References: (1) Pacyna et al. (2006b); (2) This study; (3) Pirrone et al. (1996); (4) Nriagu and
Pacyna (1988); (5) Li (2007); (6) Feng et al. (2004); (7) Qi et al. (2000); (8) Sarkar (2007); (9)
USEPA (1997a); (10) Mukherjee et al. (2000); (11) Sunderland and Chmura (2000); (12) Veiga
and Meech (1994); (13 Friedli et al. (2008).

“Estimated in this study

**Sarkar (2007): Hg in each computer is 0.0022%, weight of Hg in each computer is 0.00059 kg
(assuming average weight of a computer is 27 kg), recycling efficiency is 0%, estimated obsolete
computer is 1.38 million. Total annual production of Hg releasing to the environment is (0.00059
kg x 1380000)/1000 = 0.82 Mg.

Table 4.5 Samples collected from eight coal based power
plants in India (BHEL, 2004vide Pandey, 2006)

Names of power plants Hg in coal (mg kg™')
GHTTP, Lehra, Mohabatt 0.26

Anpara, UP (BTPS) 0.26

North Chennai 0.33

NLC-TPS 11 0.18

Chandrapura STPS 0.325

Kolaghat TPS (West Bengal) 0.61

Talchar TPS 0.33

Gandhinagar TPS 042

Mean (Range) 0.376 (0.18 - 0.61)

Note: Number of samples analyzed are unknown.

from coal it is assumed that Indian coal contains on average 0.376 mg Hg/kg.
The emission of Hg to the atmosphere will be more if we use the emission factor
0.5 g Hg Mg calculated by Pacyna and Pacyna (2000), and also the efficiency of
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Table 4.6 Atmospheric mercury emissions from industrial sources in India for 2000 and 2004,
respectively (this study)

Consumption/ Hg emissions Consumption/ Hg emissions
Source category Prod. 2000 (7g) 2000 (Mg) Prod. 2004 (Tg) 2004 (Mg)
Coal fired power plants 310 100.44 373 120.85
Residential & 73 3.65 74 3.7
Commercial boiler
Pig iron & steel 48 3.84 57 4.56
production
Cu-production 0.256 3.84 0.401 11.78
Pb-production 0.057 2.49 0.042 1.83
Zn-production 0.176 1.41 0.238 1.90
Residual fuel oil 7.96 0.52 7.27 0.47
Consumption
Cement production 100 4.2 111 4.66
Municipal solid waste 50 50 70 70
Medical waste 0.33 6.6 0.33 6.6
E-waste - - 0.146 0.82
Biomass burning 32 (16 - 61) 7.74 32 (16 - 61) 7.74
- Forest 116 (58 —289) 4.76 116 (58 —289) 4.76
- Crop
Chlor-alkali plants 0.476 1320 0.304° 6.2
Brick manufacturing - - 350 (140 x 10° 7.49
pieces) ¢
Sum 321.49 253.36

*W e have assumed that in 2000, average Hg emissions from Chlor-alkali plants were (185 + 79 =
264/2 = 132 Mg (see section 3.4);

°In 2004, the data for 2006 has been used to estimate Hg emissions form Hg-cell plants. The
abnormal reduction of Hg emission in 2004 was due to conversion of Hg-cell process to Membrane
cell process where no Hg is used.

“We have assumed that weight of a Indian brick is 2.5 kg. Based on this information, the total
weight of bricks in this study: 140 x 10° pieces x 2.5 kg wt of a brick i.e. 350 Tg of bricks.Weight
of a brick is obtained by personal communication with TERI, New Delhi on 11.01.2008.
Regarding biomass burning, Venkataraman et al. (2006) mentioned unit: Tg yr'. For this reason,
we have assumed that the same amount of biomass was burnt in 2000 and 2004, respectively.

gas cleaning equipment in power plants is in question. The emissions of Hg from
coal fired power plants in Indian in the years 2000 and 2004 are shown in Table 4.6.
The emission of Hg from power plants has increased by 17% since 2000 and the
amount of Hg discharged into the environment may still be increasing as many
plants have no gas cleaning equipment, similar to the situation in China. It is necessary
to add, however, that at lower temperatures (350 — 400°C) in the flue gas duct, in
the presence of chlorine, sulphur and calcium part of the Hg® vapour is oxidized to
Hg®, and/or reacts with carbonaceous ash particles and is deposited as Hg(p).
Indian coal typically contains over 35%-wt fly ash (FA), and this particle surface
offers an important site for Hg absorption (Mukherjee et al., 2008). In a recent study
by USGS on 102 selected coal samples from different basins of India concentrations
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of Hg were found to be in the range between 0.02.to 0.16 mg kg'. Further details
will be available at the project website of the USGS (http//energy. er.usgs.gov/coal
quality/wocqi/collaborators.html) (A. Kolker, USGS, and S. Dunkee USEPA, per-
sonal communication, 5, May, 2008).

Currently, the energy sector contributes over 120 Tg of fly ash (FA) across the
country. Several recent studies have identified heat, humidity, solar radiation and
the presence of water as important factors in the release of Hg from FA, FGD solids
or a mixture of these. The current estimation of Hg in FA is about 41 Mg (Mukherjee
et al., 2008), although there is a lack of information on Hg in Indian coals and coal
FA (Mukherjee and Zevenhoven, 2006).

4.3 Iron and Steel industry

In the 21* century, iron and crude steel production in India has increased from 21.3
Tg in 2000 to 25.0 Tg in 2004, and from 26.9 Tg in 2000 to 32.0 Tg in 2004,
respectively. 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
melting 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. The emission factor calculated for Hg emission
is 0.08 g Mg crude steel which is quite realistic (see Table 4.4). 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 that 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. Residual fuel oil
was also used in this sector, although the consumption of this decreased from 672
Gg in 2001 to 620 Gg in 2004.

In the electric arc furnace process metal from shredded cars is generally used as
a raw material for conversion into steel. It has been reported that Hg-lamps are
often removed when scrap cars are processed into crude steel (Personal communi-
cation with Dr. Pandey, TERI, New Delhi, April 2008). Otherwise, more Hg will
be emitted from the iron and steel industry.

The atmospheric deposition of Hg in the vicinity of iron and steel works was
cited as being in the range of 60 to 836 g/km*month whereas Hg concentration
measured in dust was 56 mg kg'. In surface soil it varied between 40 and 72 mg
kg (Srivastava, 2003).
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4.3.1 Non-ferrous Metallurgical Iindustry in India

4.3.1.1 Production of Metals by Different Processes
and Emissions of Mercury

The primary non-ferrous metal industries are based on copper (Cu), lead (Pb) and
zinc (Zn). There are four copper smelters in which the Flash Smelting Process,
the Ausmelt process and the Imperial Smelting are practiced. In addition, there
is one zinc production plant where Zn is produced by the hydrometallurgical
process. The Cu-smelters are situated at Khetri, (Rajasthan), Ghatsila, (Jharkhand),
Dahej (Gujarat), Tuticoran, (Tamil Nadu) where the Copper Flash Smelting Process
and the Ausmelt Process are used, respectively, besides the later process at Tuticoran,
where Australian Cu-concentrate containing 5.0 mg Hg kg was reported to be
used (Personal communication with Manger of Tuticoran Cu-smelter, December
13, 2007). The Outokumpu Flash Smelting Process was originally developed
for Cu-concentrate in Finland. In this, dried concentrate is smelted in the Flash
Smelting Furnace in the presence of pre-heated air and oxygen to produce high
grade Cu-matte which is then converted into blister copper in the converter.

On the other hand, in the Ausmelt process, feed materials are fed through a port
located in the roof of the furnace and fall into the molten bath, which favors material
transfer and handling systems. Air and oxygen are necessary for combustion, and
molten metal and slag are removed and off-gases from the Ausmelt furnace are
cooled and cleaned in gas clean-up systems before discharge.

In Udaipur (Rajasthan), zinc is produced by the hydrometallurgical process
which comprises the following steps: roasting, leaching, solution purification, zinc
electro-winning, melting, casting, and alloying.

In Tundoo (Jharkhand) lead is produced by the Blast Furnace Process whereas
at Chhattisgarh the Imperial Smelting Process has been erected for the co-production
of zinc and lead. The total production amounts of copper, zinc and lead for 2000 — 2004
are shown in Table 4.1. For Cu production, the major part of the concentrates is
imported from Australia. Emissions of Hg from the Cu, Zn and Pb - industries are
shown also in Table 4.6.

Except for the hydrometallurgical process, Hg is evaporated at the high process
temperatures that occur during the production of Cu, Zn, and Pb. When Hg is released
from ores, concentrates or from fossil fuels and enters into the biosphere, it can be
highly mobile, cycling between the Earth’s surface and the atmosphere. Speciation
of Hg is very important. Mercury as HgCl, may be captured by some gas clean-up
devices (e.g. wet scrubbers), but elemental Hg (Hg®) is not captured effectively.
Once Hg is released from a process, it cycles between soils, the aqueous environment
and the atmosphere. It has been confirmed that the common forms of Hg in the
environment are: metallic Hg’, HgCl, and MeHg (UNEP, 2002).

In India, secondary Cu is produced by Boliden’s KALDO process (a Swedish
process) where roasting, smelting and converting occur in the same converter, charged
with Cu-scrap. Production data is shown in Table 4.1. Beside primary production,
Pb and Zn metals are also produced through secondary routes from scrap, dross and
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residues. Secondary Pb production occurs in less organized sectors (Personal
communication with the Director of Indian Lead and Zinc Development Association,
New Delhi, December 6, 2007). The emissions of Hg from such secondary metals
production are not known.

4.4 Chlor-alkali Industry in India

4.4.1 Chlorine and Caustic Soda Production

The basic raw materials for chlorine chemistry are sodium chloride, water and
energy. There are three main electrolytic production technologies utilized in the
chlor-alkali industry, being the diaphragm process, the mercury process and the
membrane cell processes. Generally, chlorine and caustic soda are co-produced in
a fixed ratio (1:1) by chlor-alkali plants and hydrogen is also produced. The primary
product is chlorine. In each process, the electrolysed salt solution is directly
converted from chloride ions to elemental chlorine by direct application of electric
current, and the overall chemical reaction is as follows:

2NaCl + 2H,0 — Cl, + H, + 2NaOH )

According to the Alkali Manufacturers Association (AMA) in India, forty-two
chlor-alkali plants in India have the capacity to produce a total of about 2.2 Tg of
chlorine per year, whereas the world production was cited at 55 Tg per year. On the
global market, the Middle East played an important role in the production and
exporting of caustic soda in 2007. The western region of India is the largest
manufacturer of chlorine (1.04 Tg) in twelve chlor-alkali plants, followed by the
Southern region (0.44 Tg), the Northern region (0.28 Tg) and the Eastern region
(0.24 Tg). Pandey (2006) indicated thirty-five plants in India of which twenty-five
have been converted to the Membrane process. These plants are vital for the chemical
industry and this industry sector has been in operation in India since 1941. The number
of world chlor-alkali industry plants (Hg electrolysis units) has been reduced from
eighty-six in 2002 to seventy-four in 2006 (Figure 4.3). In India 86% of the plants
have been recently converted to membrane cell technology and the rest, 8 or 10
units, are in the process of conversion to membrane cell technology, which does not
use Hg in the process (Pandey 2006, AMA, 2007). The present list of chlor-alkali
plants operating in India is given in Appendix 1 and Figures 4.4 & 4.5 indicate
Hg-Cell and converted Membrane Cell plants in India, respectively.

A non-governmental organization (NGO) in New Delhi has estimated that in
1999 - 2000, the loss of Hg from the Hg-cell process to be 394 g Hg per Mg of Cl,
production. during the same period, chlorine production was 0.48 Tg. This correspond
to an annual Hg emission of about 185 Mg. (http://www. toxicslink.org/docs/06035_
publications-1-33-2.pdf). In another study, Srivastava (2003) estimated that the Hg
loss from Hg-cell plants in India is about 142 g Mg NaOH produced. From his
estimate, Hg loss to the atmosphere between the years 1997-2000 was about 79 Mg yr.
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Figure 4.3 The scenario of world’s chlorine plants and production capacity, 2006 (WCC, 2007;

Reproduced with permission , Veronique Garny, 2007)
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Figure 4.4 Mercury cell chlor-alkali industry in India. Big circles indicate Hg-based thermometer
industry. Adapted from Toxicslink, New Delhi. See Appendix I which indicates conversion of major
number of chlor-alkali plants from Hg-cell to Membrane cell process where no mercury is used
(from http://www.toxicslink.org/docs/06035_publications-1-33-2.pdf)
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Plants type

A Membrane

States
1) Punjab
2} Rajasthan
3) Gujarat
4) Maharashtra
5) Madhya Pradesh
B) Uttar Pradesh
7} Bihar
B) West Bengal
9) Assam
10) Orissa
11) Andhra Pradesh
12) Karnataka

95

13) Tamil Nadu

u Membrane-Mercury .
14) Kerala

° Mercury

Figure 4.5 Locations of chlorine industries in India, 2008 (Information received from S. Sinha,
Toxicslink, New Delhi, 2008: plotted in the map of India); See Appendix 1 for details of plants

Clearly, the information on Hg emissions from this particular chemical sector in the
past is highly unreliable. However, more recent information from AMA (2007) indi-
cates that NaOH production by the Hg-cell process was at 0.3 Tg for 2006-07
whereas for the same period the production by the Membrane Process it was 1.7 Tg
NaOH. Considering the emission factor for Hg emissions from Chlor-alkali plants
to be 20.4 g Hg Mg, total Hg passed into the atmosphere from this chemical industry
was 6.2 Mg yr'. (Table 4.6). In the 1990s, chlor-alkali plants were the single largest
Hg consuming industry in India, consuming about 70 — 80 Mg of Hg each year
(CSE, 2005). Mercury has been detected in groundwater and surface water in the
vicinity of Hg-cell chlor-alkali plants. In addition, Hg occurred also in the vicinity
of dyes, paints and pigment manufacturing units which use Hg-based catalysts in
the manufacturing processes (CSE, 2005). According to the Ministry of Environment
and Forest (New Delhi), Indian chlor-alkali plants will be Hg-free in 2012 . In the
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near future, chlor-alkali plants may be free from Hg-cells, but this does not mean
that at the same time Hg will disappear from the vicinity of chlor-alkali plants.
The metal will not disappear from the environment, but will convert into MeHg,
Hg® or mercuric chloride which will then pass into the atmosphere, to again fall on
forest soils or the water shed. Speciation of Hg plays an important role in toxicity
and the exposure to living organisms.

However, it has also been reported that about 170 Mg of Hg has been imported
and consumed in the years 2004—2005 (http://www.dgft.delhi.nic.in/). Chlorine and
sodium hydroxide use also provide a range of benefits, such as PVC manufacture
which is an important material. It has a long life e.g. it lasts for more than 35 years.
It emits about 50% less carbon dioxide and needs less oil for production. Beside
these, in many energy saving buildings, foam insulation and PVC windows are
based on chlorine chemistry.

4.5 Cement Industry

The Indian cement industry is the second largest cement producer in the world with
an installed capacity of 144 Tg annually. Due to technological development some
Portland cement production plants are well advanced. In cement production, energy
consumption is quite high. In the Indian cement industry, the capacity of kilns varies
between 10 Mg day' and 7,500 Mg day-'. Most cement, 94%, is produced in large
(capacity 600 Mg day™') plants. At present there are 124 large rotary kiln plants.
In India, in general Ordinary Portland Cement (OPC) (56%) and blended cement
(43%) are manufactured. The dry process (93%) route besides some (much more
energy intensive) wet and semi-dry processes (7%) are practiced.

In the cement industry, Hg was found to be emitted from the wide range raw
materials and other resources used. There are more than thirty raw different materials
used in the manufacture of Portland cements. These materials can be classified as:
(a) calcareous, (b) siliceous, (c) argillaceous, and (4) ferriferous. A variety of calcareous
raw materials are used in Portland cement including: limestone, chalk, marl, sea
shells etc. The thermal treatment of raw materials for the manufacturing of Portland
cement is carried out in kilns. It is not known if any plants in India use waste as an
alternate fuel in a cement kiln.

However, there are four steps in production:

e Evaporation of uncombined water;

e Dehydration e.g. at temperature 430 °C, formation of oxides of Si, Al and Fe occurs;
¢ Formation of calcium oxide at 980 °C;

* In the burning zone of the rotary kiln, the cement clinker is formed at 1510 °C

In determining the emission factor, we followed the material balance used by
Smith (1999), the input data being as follows:

* 0.40 mg kg' (Hg / coal)
e 0.1 Mg coal / cement
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e 1.2 Mg limestone / cement
¢ 0.03 mg kg' (Hg /limestone) (UNEP, 2005)
» Emission factor of coal fired kiln 1.5 x 10 kg /Mg cement (UNEP, 2005)

Based on the above information, the emission factor for Hg per Mg of cement
production is 45.6 mg Hg Mg cement (the EPA’s value is 65 mg Hg Mg cement,
USEPA (1997)). In a dry process, Hg will leave the kiln in gaseous form, but in the
pre-heater tower, it may be adsorbed both on the kiln feed and cement kiln dust
(CKD). The speciation of Hg is again very important as retention of Hg in gas
cleaning equipment depends upon: a) the gas cleaning equipment; b) the form of
Hg; c¢) the temperature and retention time (Senior et al., 2003; Mukherjee and
Zevenhoven, 2006).

4.6 Wastes Disposal

4.6.1 Municipal Solid Waste (MSW)

People in India live on 3.28 million km? of land. Due to population growth, there is
also an increase in municipal solid waste (MSW) in India. The growth rate of MSW
is reported to be 1.33% per capita per annum (EPTRI, 1995). The collection
efficiency of MSW is about 72.5%, but still waste transport capacity is lacking in
70% of the cities (TERI, 1998 vide Singhal and Pandey, 2001). MSW consists
mainly of household garbage, and other commercial, institutional and industrial
solid wastes. In household wastes, broken thermometers, instruments, Hg-vapor
lamps, toys, electric switches, fluorescent tube lights, Hg-batteries etc. are the
expected to be the Hg containing products. In addition, most MSW contains large
amounts of organic species.

MSW Rules 2000 indicate that the municipal solid waste should be disposed of
in a environment-friendly manner such as: pelletisation, combustion/incineration,
land filling, bio-methanation and composting from which power could be produced
for local industry (timesofIndia_Indiatimes.Com/articleshow/ 134243.cms).
However, MSW generally disposed of by the following ways:

1. Landfill practice
2. Open dumping
3. Open burning

The generation figures for MSW in India are based on the recent study conducted
by Singhal and Pandey (2001) (see Figure 4.6). Between the years 2001 and 2004,
50 to 70 Tg per year MSW was generated in India, with most waste generated in
Uttar Pradesh where 166 million people live. It has been estimated by those authors
that in the year 2047 the amount of MSW might reach 260 Tg. An estimated emission
factor for Hg in MSW is 1.0 g Mg'!, without emission control. In India garbage and
mixed waste are often burnt near the road side. 94% of MSW is dumped in landfills
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Figure 4.6 Solid waste generation in India (Reproduced from Singhal and Pandey, 2001)

1997 2001 2011 2012 2031 2041 2047
Year

Figure 4.7 Land requirement (km?) for disposal of municipal solid waste (reproduced from
Singhal and Pandey 2001)

without any proper systems and 5 % of wastes are used for composting (CPCB, 2000).
Due to the humid climate and rainy seasons, leaching of Hg can be expected.

The huge amount of MSW produced is a serious problem in India. Unfortunately,
little attention is being paid to proper management of MSW. Problems with wastes
are not particular to India but occur in most Asian countries. Asian countries face
serious problems in the solving of disposal problems for wastes. It is not only a
technical problem, but many political, legal and environmental factors are also
involved. In addition, land requirements for the disposal of MSW will increase and
it has been estimated that by the middle of the 21st century 1400 km? of land many
be needed for MSW (Figure 4.7). Sharholy et al. (2007) determined the constituents
of MSW for Allahabad where 1.1 million people live (2006) and these are shown
in Table 4.7. This may represent a rough picture on MSW for whole India.
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Table 4.7 Estimation of the essential parts of MSW in India based on the
study for Allahabadcity (After Sharholy et al. 2007)

% weight based on

Elements in MSW Weight % 21 class 1%cities*
Paper 3.6 5.7

Cardboard 1.09 -

Metal, tin cans 2.54 2.1

Glass 0.73 2.1

Food wastes 45.3 41.80

Textile rags 2.22 35

Plastic (Poly bag) 2.86 39
Miscellaneous (bricks, ash, fine 41.66 41.1

dust, rubber, wood, leather,

wastewater etc.
Total 100 100
Moisture 25 %

*(CPCB, 1999)

4.6.2 Medical Wastes

There is limited information available regarding medical wastes in India. It is generally
expected that medical wastes contain more Hg than MSW does. In this sector, there
are many instruments in hospitals which contain large amounts of Hg. There are basic
regulations related to health care in India, but unfortunately these regulations are not
followed properly. Visvanathan (2006) estimated medical waste generation in Asia, the
figure for India being 0.33 Tg yr'. Based on 20 g Hg emission per Mg of medical waste
(USEPA 1997), the total Hg emission to the atmosphere from this source is estimated
to be 6.6 Mg per year. The average health care waste generation per bed per day in India
has been estimated at 1 — 2 kg (Table 4.8). According to law experts in India there is no
lack of legislation, but the problem lies with implementation. Often medical waste is
disposed of together with MSW, due to which the waste stream becomes hazardous.
Technologies available for handling medical waste include: a) incineration; b)
autoclave; ¢) microwave; d) chemical disinfection and e) plasma pyrolysis. In India
there are incineration plants at some hospitals to handle medical wastes. The capacity
of these varies from 50 to 175 kg hr' of infectious and non-infectious wastes generated.
In Delhi, there are 61 medical waste incinerators, but there is no information regarding
the handling of hospital wastes in other parts of the country.

4.6.3 Electronic Waste (E-waste)

In recent years, discarded electronic waste known as “E-waste” often enters into the
waste streams in India as in many other (Asian) countries. Automation, increased
demand for electronic equipment including computers and increased consumer
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Table 4.8 Estimated medical waste generation in selected Asian countries (Visvanathan, 2006)

Country Waste (kg bed'day™) Total wastes (Mg yr™')
Bangladesh 0.8 - 1.67 93,075 (only in Dhaka)
Bhutan 0.27 73

China - 730,000

India 1-2 330,000

Malaysia 1.9 -

Nepal 0.5 365

Pakistan 1.06 250,000

Sri Lanka 0.36 6,600 (Only in Colombo)
Thailand 0.68 -

Metro Manila (Philippines) - 17,155

Vietnam 2.27 (Hanoi) 60,000

choice are believed to be the major reasons for growing quantities of E-waste. Recently
its production in India has increased to 380 Gg in 2007 and it has been forecast by
the authorities that its production will increase to 470 Gg in 2011. There is also a
huge amount of E-waste imported from the West, possibly as much as 50,000 Mg
annually; mainly discarded computers and accessories (http://www.physorg.com/
news116912274.html accessed January 21, 2008). Before or while burning E-wastes,
scrap dealers can recover valuable metals, which is however not without impact on
health and the environment. In India, there is a general lack of recycling technology.
Computer scrap is often reused and many different types of E-waste end up in
landfills, creating health and environmental problems since this method of disposal
is not well developed. In addition, India has dumped E-waste in other countries.

Sarkar (2007) studied E-waste generation (excluding imported) in India and
observed that 146 Gg electronic wastes were generated from PCs, refrigerators,
TVs and washing machines in 2006, and the amount is expected to rise to 1.6 Tg
in 2012. In addition, India receives a large volume of E-wastes. As there is no
national level policy for management of E-waste, most of the recycling facilities are
unorganised and do not use suitable, state-of-the-art technologies for the recovery
of toxic metals. Selected trace elements from E-wastes in India have been addressed
by Sarkar (2007), indicating that 0.82 Mg Hg yr' escapes into the environment
(Table 4.9), and the values will increase due to increased annual E-waste and
the lower lifetimes of newer computers. The total Hg released from the above
mentioned three types of wastes is given in Table 4.6.

4.7 Biomass Burning

We consider Hg emissions from biomass burning to be anthropogenic and it is
therefore necessary to understand its effects on the atmosphere on a regional (i.e.
in Asia) and global scale (Reddy and Venkataraman, 2002; Streets et al. 2003).
Venkataraman et al. (2006) focused forest and crop waste burning in India between
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Table 4.9 Mercury in electronic wastes in India (from Sarkar, 2007)
Waste type 2004 (Tg) Total Hg (Mg yr')
E-waste 0.146 0.82°

E-waste in India — annual and total production and entry into environment (Referring to the estimated
number of annual production of obsolete computers (1.38 million), total market size (15.5 million),
MCC data on average weight of computer (27 kg), proportion of presence of toxic chemicals in
each computer and recycling efficiency - annual and total production of various toxic substances
from e-waste generated from discarded computers and related materials have been estimated.

TW (%) AW (mg) RE YP(Mg) AR (Mg) EE(Mg) TP (Mg) TR (Mg) TE (Mg)
A B A-B C D CD
Hg 0.0022 0.00059 0 0.82 0.00 0.82 9.19 0.00 9.2

Source (adapted): MCC (Microelectronics and Computer Technology Corporation), 1996,
Electronics Industry Environmental Roadmap, Austin, Texas, details available at www.svtc.org/
cleancc/pubs/sayno.htm (last accessed on 20th March 2006) and Boralkar D.B. (2006), Perspective
of electronic waste management, Green Business Opportunities, Vol 12 (1), pp 7 — 10.

TW = Total weight of Hg in each computer; AW = Average weight of Hg in each computer; RE
= Recycling efficiency; YP = Yearly production of toxin material; AR = Max recycled annually;
EE = Entry into environment; TP = Tot production (based on market size); TR = Total max recycled
possible; TE = Total entry into environment.

1995 — 2000 using forest burnt areas and biomass density for Indian ecosystems.
It has been estimated that Indian forest is burned at a rate of 32 (16 — 61) Tg yr!
and in open and dense forest with low density biomass cover (Streets et al. 2003).
Crop waste burning, including cereal, sugarcane waste, oilseeds, fiber crops and
pulses were also estimated at 116 (58 — 289) Tg yr! (Venkataraman et al. (20006).
Mercury emissions during biomass burning have been shown in Table 4.6. However,
biomass is the main source of energy for villagers and about half of all energy in
India used for cooking food. It is interesting to note that the firewood consumption
(kg/capita/yr) increases with increased altitude in the region of Garwal Himalaya.
The summer time average consumption at 500 altitudinal range (m a.s.l.) is 392.28
kg/person/year whereas at 2000 altitudinal range it is 1019 kg/person/year (Bhatt
and Sachan, 2004). It means Hg emissions will be higher as well when firewood is
burnt at higher altitude in the mountain region.

4.8 Miscellaneous

4.8.1 Brick Industry

The Indian brick industry is the second largest in the world after China. The Energy
and Resources Institute (TERI) has estimated over 100,000 units producing 140
billion bricks per year. There are three types of brick works, based on production
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capacity i.e. small (<1 million bricks per year); medium (1 — 2.5 million bricks
per years) and large facilities (>2.5 million bricks per year). Smaller brick facilities
are generally situated in the village areas whereas the medium and larger types
are located near urban areas. It is an energy intensive process and coal is the major
fuel used. It has been estimated by TERI that about 24 Tg of coal, containing 0.376
g Hg Mg'!, are fed to the brick kilns for the production of 140 billion bricks (e.g.
350 Tg of bricks considering the weight of a brick in India to be 2.5 kg, based on
TERI, 2008). In addition, Indian brick kilns consume a considerable amount of
biomass and fuel oil, but the amounts of these are not known (Garg et al., 2006).
Based on the use of low grade coal, the uncontrolled emissions of Hg from these
processes to the atmosphere are 7.5 t Hg yr'! (Table 4.6). In addition there are PIC
(product of incomplete combustion) emissions. In 1996, the Indian government
enforced regulations which have caused some technological improvements e.g.
reduced dust emissions, and improvement of firing technology, especially in large
brick works (Maithel and Uma, 2000). It has been reported by TERI that new
technologies such as vertical shaft brick kilns (VSBK) has been introduced in
several brick production facilities. The process claims to both lower investment and
to meet emission standards.

4.8.2 Instruments, Batteries and Thermometers

Substantial amounts of Hg are used in the production of instruments, batteries and
clinical thermometers. Table 4.2 indicates the amount of Hg used in the manufacture
of instruments between 1998 and 2001. Clinical thermometers and barometers may
often be broken during manufacture. Broken products are put aside and often cause
fugitive emission of Hg. However, there are no measurements by which the total
amount of Hg thus lost to the environment can be detected. In addition, bookkeeping
is quite poor. One of the largest thermometer companies, at Kodaikanal in the Tamil
Nadu state, was forced to close due to illegally dumping Hg-bearing waste into the
surroundings. Before closing the estimated Hg emission from broken pieces at the
plant, was 3.5 to 4.2 t yr! (Each thermometer contains 1.0 g Hg; total production
10-12 million pieces per year; breakage during production and handling 35%.)
The Hg consumption in different instruments is shown in Table 4.10.

Table 4.10 Total mercury consumption in instrument manufacturing
Industry (from different sources)

Instruments Unit (kg) Used/unit (g)
Clinical thermometers 3,100 0.61

Lab thermometer 900 3.0

Blood pressure monitors 12,000 60.0
Barometers (in kg) 125 5

Total 16,125
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4.9 Mercury in the Indian Environment
and the Cycling in the Bio-geosphere

The soil, water and air are not only a part of the ecosystem but also play an important
role for humans, animals and aquatic species because the survival of human, aquatic
species and plants is tied up with uncontaminated soil, water, and air. Releases of
the non-essential element Hg from industrial sources are well documented in developed
countries. This study addresses emission of this element in the Indian ecosystem
and indicates that its presence in soils, plants, air and water and aquatic species and
sediments are at alarming levels, which is also supported by the work of Srivastave
(2003) and many other authors in the West (Hylander and Meili, 2003; Pacyna and
Pacyna, 2001, 2002; Pirrone et al. 1998). Coastal areas are often contaminated by
the discharge of Hg from all Hg-cell chlor-alkali plants. At one well known clinical
thermometer works in Tamil Nadu, an ambient air concentration of 1.32 ug Hg m?
was reported. Outside the factory, lichen (Parmelia sulcata) and moss (Funaria
hygrometrica) samples contained 7.9 ug kg' and 8.3 ug kg, respectively. Fish in
lake waters contained 120 to 290 mg kg!, whereas total Hg and MeHg in waters
were measured to be 356 — 465 ng L, and 50 ng L' respectively (Karunasagar
et al., 2006). Concentration of Hg, in sediments in the same lake near the factory
situated 2130 m above mean sea level, varied from 279 to 350 mg kg'.

High concentrations of Hg are reported in fish that grow in saline or fresh water
in coastal areas (1.1 — 700 mg kg') Table 4.11) for many states of India (WHO’s
permissible value is 0.5 mg Hg kg'). Sinha et al. (2007) studied the Hg concentration
in different samples from the river Ganges (Table 4.12) and a high concentration was
reported for various species although not in the water samples themselves.

Seasonal variation was also reported by these authors. These authors collected
about 61 fish samples for the river Ganges near Varanasi, where they found that the
Hg concentration in the fish (Macrognathus pancalus) varied up to 91.7 mg kg'.

Table 4.11 Average and maximum mercury concentration in fish and other species

Place Fish/species Hg (mg kg™') Hg max. (mg kg=') Reference

North Koel river, Jharkhand  Fish 600 - 700 1

Mumbai, East Coast, Fish 0.03 - 0.082 1.6 2

Maharashtra Bivalves 0.13 -10.82 21.6 2

Sagar Island, Gastropods  1.05 —3.60 7.2 2

East coast West Bengal Crabs 1.42 -4.94 9.9 2
Bivalves 0.06 —2.24 4.5 2

Binage, Karwar, Karnataka Oysters 0.18 = 0.54 1.1 3

1. “Mercury concentration of fishes in north koel river, Rehela, Bihar, India”. Indian Biologist
23(2) 1992; 58 — 60.

2. Chemosphere, vol 33 147 — 158 (1996), cited in Global Mercury Assessment, UNEP Chemicals,
2002.

3. “Heavy metal distribution in the biotic and abiotic matrices along Karnataka coast, West coast
of India”. Indian Journal of Marine Sciences, 27, June 1998, 201-205.
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Table 4.12 Mercury concentration of different samples of the Ganges River collected at Varanasi,
India (Sinha et al., 2007)

Water Sediment  Benthos Fish Soil Vegetation
Season (ug kg™  (ugke™) (ugke™) (mgkg™) (ug kg™  (ug kg™
Winter 0 106 £ 113 144 £252 4.048 £18.676 95+ 114 254 £ 397
Summer 037029 8087 108 +167 0.205+0.531 126 +111 98 +81
Post monsoon 0.32+0.48 0 92+ 129 4369 +16.067 0 245 + 127

The observed Hg concentration in their study was more than that in the fish samples
collected from the western coast, Mumbai (0.03 — 0.82 mg kg!). Mercury in fish
resides as MeHg (which affects humans) bound to the proteins and muscle tissues
of the fish. Besides MeHg, concentration of elemental Hg is also observed in fish
and shellfish species. It was reported also that rice fields contaminated by Hg from
coal combustion power plants contain MeHg. In many parts of the world, including
India, high concentrations of MeHg and Hg have been demonstrated in oceans, rivers,
lakes and reservoirs. Pirrone and Mahaffey (2005) reviewed Hg in global fish
populations. In many regions of India, fish is an important daily food item and the
authorities should make people understand the effects of high concentrations of Hg
and MeHg in fish. In the 1960s in Japan, Minamata disease was caused by consuming
Hg contaminated fish and rice. It has been reported in the panel discussion of the
8th International Conference on Mercury as a Global Pollutant at Madison, WI,
USA that MeHg in human hair is 250 to 300 times more than Hg in the blood for
those who eat fish regularly or frequently. Patel (2003) studied the health impacts
on humans at contaminated sites of the central region, Chhattisgarh state of India
where 50 Tg of coal and minerals are exploited annually by various industries
and thermal power plants. In addition over 600 rice mills are in operation producing
> 2 Tg of rice contaminated by Hg, As and Pb. Twenty-two human hair samples
were analysed from the contaminated areas and were found to contain Hg from
2.6 —37.8 mg kg'! with mean and median values of 12.3 and 10.4 mg kg, respectively.
This author believes that in this region, the toxic effects of Hg due to contaminated
of food and water are expected to show up shortly. However, scientific knowledge
on MeHg exposure and its effects on humans are still not complete.

Das et al. (1998) indicated that 90% of MSW in India is directly dumped on the
land in an improper manner and the problem with disposal facilities in towns and
cities is that they cannot keep pace with the quantity of waste generated. It has also
been forecasted that by the middle of the 21* century, MSW will be generated at a rate
of 250 — 300 Tg yr' (Sharholy et al., 2007; Das et al. 1998). Sewage sludge, pesticides,
composts and fertilizers are often used on agricultural lands and these are also
sources of Hg in soils and groundwater. Often, untreated effluent is pumped into
rivers, lakes and groundwater, and through bore wells, (such as in Andhra Pradesh
and Gujarat states). The Hg leached from landfills contaminates groundwater and
streams, from which it moves into soils, and agricultural lands.

Mercury emission scenarios for coal combustion, MSW, and the non-ferrous
metallurgical industry are alarming. The highest Hg emission from coal combustion
has been estimated in this document for the year 2004.
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4.10 Discussion

This study indicates that the atmospheric Hg emissions in India from industrial
sources ranged between 321 to 253 Mg annually during the past years. Occasionally,
Hg emissions have been given for a single year, e.g. in brick manufacturing, medical
wastes and E-wastes. The highest Hg emissions occurred from the combustion of
fossil fuels in power plants, followed by three types of waste. The Hg emissions
given for Chlor-alkali plants should be used with caution. In addition, the Hg
emissions from residual fuel oil use over the period 2001 to 2004 were negligible
e.g. 0.54 — 0.47 Mg (based on the uncontrolled emission factor 0.065 g Mg™).
No information was available from the pulp & paper industry or the oil and
petrochemical industry in India. It has been reported by the Ministry of Environment
and Forests, New Delhi, that major Hg-cell plants have been converted to the Membrane
Cell process (Pandey, 2006) which means that Hg use and emission in chlor-alkali
plants are expected to drop. At the end of the 1990s, Indian chlor-alkali plants
discharged Hg-contaminated wastewaters containing Hg in the range of 0.08 to 2
mg L (the Indian standard for Hg in industrial waters is 0.001 mg L"). Mercury is used
often in electrical and electronic devices, fluorescent lamps, laboratory and medical
equipment, clinical thermometers and computer components. However, strict
enforcement of the regulations inside the country is needed. If necessary, a trade
ban should be implemented to curb the use of Hg in India. Mercury emissions vary
widely from one region to another in India, based on industrial activities. Often,
activities such as coal mining and the burning of coal in power plants, metallurgical
industry, chlor-alkali facilities, and waste disposal will produce trace element problems,
including Hg, in the region. We have also identified Hg emissions from the cement
industry and brick manufacturing, where 24 Tg of coal are used. In addition, Hg
containing E-waste, medical waste and the MSW add Hg to the ecosystem of India.

Two scientists from the Department of Botany, Sri Krishnadevaraya University,
Anantapur, India studied Hg in plant species (Tephrosia purpurea, Cassia auricu-
lata and Arachis hypogaea) near a cement works at Bethamacharla, Andhra
Pradesh. They found more Hg, 0.76+0.04 (SD) ng/mg in the leaves than roots
(0.750+0.02) or stem (0.541+0.01) in Cassia auriculata. It is also confirmed that
the mobility of Hg is greater when it enters the plants through the stem or leaf. The
accumulation of Hg indicates that the cement industry emits Hg to the vicinity of
the plants, but the accumulation levels vary with species, wind direction, soil pH,
aeration as well as soil moisture.

Villagers and ordinary people in cities or towns are often not aware of the toxicity
of Hg and how this element enters into human food chain. Hence proper education
is necessary so that people in India can understand the effects of Hg concentration in
fish or in drinking water. Mercury is notorious for its toxicity to biological organisms.
Excessive releases of Hg and its compounds may lead to severe environmental and
health consequences (Wong et al., 2006).

In India Hg emissions from most industrial sources are still increasing. The coastal
areas as well as the inside of the country are highly polluted due to chlor-alkali
plants and the process by which Cl/NaOH have been produced since the 1940s
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Figure 4.8 Mercury pollution due to use of Mercury-Cell Chlor-alkali plants in India in the 20th
entury (Reproduce with permission, Center for Science and Environment, New Delhi 2008)

(Figure 4.8). The six Asian countries, India, China, Pakistan, Bangladesh, Japan, and
Indonesia are all densely populated. Mercury emissions from industrial sources may
cause future epidemics among the population. Over time, excessive Hg emissions will
cause bioaccumulation and bio-magnification in the food chain, which may create
serious problems with human health in India and surrounding countries. It has already
been mentioned regarding the high concentration of Hg® and MeHg in fish, shellfish
and seafood, that there are signs of Hg in the human hair when Hg - contaminated
fish is eaten often. Excessive Hg emissions in India can cause Hg deposition
problems on a global scale.

Industrial progress is necessary if the economic growth of a country is to be
maintained. If India follows this pattern, the country must adopt the best available
technology to control Hg emissions from industry. In coal fired power plants,
electrostatic precipitators are not enough. This gas cleaning equipment does not capture
vapour - phase Hg® from the process. Management in India should understand that
there is a lack of scientific information concerning the emission, distribution, and
biogeochemical behaviour of Hg in India. The imbalance between India and the
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Figure 4.9 Sources of mercury in India (Modified from Srivastava, 2003)

developed countries regarding Hg emissions from industrial sources is due to technical
motivation, environmental awareness and socio-economic conditions. India is,
however, trying to curb environmental trace elements including Hg, by the formulation
of discussions, mass education, strict regulations and effective control technologies.

On this subcontinent, detailed studies on e.g. Hg emission rates from specific
industries, improved analytical techniques especially for Hg in coal, data bases, studies
of biogeochemical properties of Hg, should all be encouraged for environmental
and health reasons. In addition, there should be intense and continuous exchange
programs among researchers and scientists between the developed countries, India
and other countries in the region.

It should also be stated here that due to the lack of true emission data there will
be uncertainties in the estimation of anthropogenic emissions of Hg not only in
India but also in other parts of the globe. In India the Hg emissions from certain
industrial sources, such as the chlor-alkali industry, has decreased very recently.
However, the summary of the estimated Hg emissions is depicted in Table 4.6 and
sources are shown in Figure 4.9.

4.11 Future Directions

Our knowledge of Hg and its compounds has improved quite a lot since the 1*
International Conference on Mercury as a Global Pollutant, held in Givle, Sweden
in 1990. The European Union (especially EU-15), the U.S., Canada and Japan have
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formulated rules and regulations to curb Hg emissions from industry and the results
can be seen now in many parts of these countries. The technology for gas cleaning
equipment such as the flue gas desulphurisation process and others have been
improved and the improvements also implemented. Local emissions of Hg have
been reduced, but cross-boundary deposition of Hg by dry and wet methods is
increasing. This means that increased economic development in India or in Asia and
the burning of large amounts of coal and other industrial developments associated
with this will result in long range transport of elemental Hg and MeHg from Asia
to America and Europe. At present we understand the speciation of Hg and its role
in the ecosystem, but the behaviour of MeHg in the environment is less clear.

In India, it is vital that scientists determine the sources of Hg and its emissions.
Based on reliable measurements, it is possible to build up emission factors from
which emissions of an element can be calculated. Stack measurements are expensive,
but material balances can be applied to calculate emissions of Hg. This is not 100%
correct but shows the path of how emissions of an element like Hg are developing.
In the 20" century the Hg-cell process was used for the production of NaOH/CI, , and
Hg emission was reported to be 150 — 200 Mg yr!. During the course of this study,
we have understood that the majority (86%) of Indian chlor-alkali pants have been
converted to the membrane-cell process with the remaining 8-10 plants still using
the Hg-cell process. The Ministry of Environment and Forests, New Delhi, has
stated that the total Hg release to the environment should be <2.0 g Mg of product
by December 2005 (Pandey, 2006). This information is encouraging. It is necessary
for India to generate more reliable data, which can be used by scientists during
modeling and formation of emission inventories. Computer modeling is often used
in simulating global Hg scenarios. Often information on emissions from India and
other Asian countries report emissions that are too low, as a result of which large
differences occur between expectation and reality with respect to Hg cycles. Hence
lack of scientific data in Asia has caused inaccurate assessments on Hg amounts
and its association with environmental and health effects.

Asia is a region in which great diversity in climate is found. One area may be
hot and humid while another region has very high precipitation such as in
Bangladesh (1400 mm rain per year). In addition there is acid rain (pH < 4.5) SO >
loading on soils and the aquatic environment. These diversities will have their effect
on the bio-accumulation, bio-magnification and the uptake of Hg. There have been
few studies, or none at all, carried out in Asian countries and these now have more
focus on the Hg question than the Western countries. We have known for quite
some time that high concentrations of Hg occur in pike in lakes in Sweden, Finland
and Norway and that many lakes have been blacklisted. Scientists are working to
understand the cause of this and produce remedies. In India, however people eat
fish caught in lakes, rivers and the sea, unaware of the Hg problem in the fish and
of how high concentrations may affect, particularly the high risk population i.e.
pregnant women, and children. Remedial measures can be promoted by introducing
non-Hg medical equipments such as digital thermometers, blood pressure equipment,
avoiding amalgam fillings and for the large-scale use of alternative energy sources
(solar, hydro etc.) to reduce coal use in the thermal power industry.
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The scientific community has largely overlooked Hg emissions from the brick

industry, which has been in operation now for decades. In our present study, we have
observed that India, after China, is the second highest producer of bricks. In this
industry 24 Tg of poor quality coal and bio-fuels (accurate amounts unknown) are
consumed. Detailed study is necessary to improve the processes and to determine
emissions of Hg and unburned particulates and their effects on the environment.

Appendix 1 Current lists of chlor-alkali plants in India (Personal communication with Toxicslink,
New Delhi on 01.17. 2008)

No. Name of the Unit Location Technology Adopted
A Eastern Region
1 Bihar Caustic & Chem. Jharkhand Membrane
2 Durgapur Chemicals Durgapur, WB Mercury
3 Hindustan Heavy Chem. Kolkata Mercury
4 Hindustan Paper (Nagaon Assam Mercury
& Cachar)
5 HJI-Prop: GMMCO Ltd Amlai, MP Membrane + Mercury
6 Jayshree Chemicals Ltd. Ganjim, Orissa Mercury
7 Kanoria Chemicals Ltd. Renukoot, UP Membrane + Mercury
B Western Region
8 Atul Ltd. Valsad, Gujarat Membrane + Mercury
9 Ballarpur Industries Ballarshah Membrane
10 Century Rayons Thane, Maharashtra Membrane
11 Grasim Industries Nagada, MP Membrane
12 Gujarat Alkalies & Chem. Dahej & Baroda, Gujarat Membrane
13 Indian Rayon Veveral, Gujarat Membrane
14 NRC Ltd. Thane, Maharashtra Membrane
15 Reliance (IPCL) Dahej, Gujarat Membrane
16 Standard Industries Mumbai, Maharashtra Membrane
17 Shriram Alkalies Jhagadia, Gujarat Membrane
18 Tata Chemicals Jamnagar, Gujarat Membrane
19 United Phosphorus Bharuch, Gujarat Membrane
C Northern Region
20 Lords Chloro Alkarli Ltd. Alwar, UP Membrane
21 Punjab Alkarlies & Chem. NayaNangal, Punjab Membrane
22 Shriram Vinyl Chemicals Kota, Rajasthan Membrane
23 Siel Chemicals Complex Rajpura, Punjab Membrane
D Southern Region
24 Chemplast Sanmar (Mettur) Mettur Dam, Tamil Nadu Mercury
25 Chemplast Sanmar (Karaikal) Karaikal Membrane
26 Chemfab Alkalis Pondicherry Membrane
27 DCW Ltd. Sahupuram, Tamil Nadu ~ Membrane
28 Solaris Chemtech. Karwar, Karnataka Mercury
29 Sreee Rayalaseema Kurnool, AP Membrane
30 Tamilnadu Petroproducts Chennai, Tamil Nadu Membrane
31 The Andhra Sugars Kovvur & Saggonda, AP Membrane
32 The Travancore Cochin Chem. Kochi, Kerala Membrane
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Summary As afirst step towards assessing Hg levels in a systematic approach in South
Africa, representatives from the South African government, academia, research coun-
cils and key industries recently initiated a South African Mercury Assessment (SAMA)
Programme (Leaner et al., 2006). The SAMA Programme has undertaken some limited
Hg inventory development and monitoring studies in South Africa. The preliminary
results of those studies and that of Hg monitoring undertaken at Cape Point’s Global
Atmospheric Watch Station (Baker et al., 2002), are discussed in this paper.

5.1 Introduction

Mercury (Hg) emissions to the environment are increasing globally, particularly in
developing countries (Pacyna et al., 2003; 2006). Important sources of Hg include
amongst others, coal combustion, waste incineration, cement production and ferrous
metals production (UNEP, 2002). Although these Hg sources have been identified for
southern Africa (UNEP, 2002), information on specific Hg emissions and concentra-
tions in the region are poorly understood. Mercury estimates are also often approximate,
since most southern African countries do not have formal Hg emission inventories.

Coal combustion provides the largest source of energy to South Africa, yet the
information on Hg emissions from this source is sparse. Many households, particularly in
rural areas, burn some coal for heating and cooking purposes, and the emissions of
various pollutants, including Hg pose a risk to human health. Due to South Africa’s
reliance on coal as a primary energy source, it is inevitable that emissions of compounds
such as sulphur dioxide (SO,), nitrogen oxides (NO ) and Hg will increase unless
improved control measures are applied or more renewable energy sources are used.
Already, increased Hg emissions in Asia during 1990 and 2000 have been related
to an increase in demand for energy in that region (Pacyna et al., 2003).

For South Africa, Pacyna et al. (2003; 2006) estimated that anthropogenic
sources released about 256.7 Mg of Hg to the atmosphere during 2000, with most
Hg emissions originating from industry production, followed by stationary combustion.
Coal combustion and gold mining were regarded as the most important Hg sources.
Furthermore, South Africa was estimated to account for about 16% of the total
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global Hg emissions (1590.7 Mg), making it the second highest emitter of Hg after
China (Pacyna et al., 2006). The assessment of Pacyna et al. (2006), combined
with the limited available information on actual Hg emission measurements or Hg
concentrations in products and resources for South Africa, signalled the need for a
critical evaluation of the major Hg sources in the country.

Mercury monitoring programmes aimed at establishing the extent to which Hg
emissions from point sources pose a problem to the South African environment are
required. In addition, an evaluation of Hg emissions from point sources in South Africa
is needed at a regional, national and global level. A number of published studies have
focused on Hg in the South African environment (e.g. Van den Heever and Frey, 1996;
McNab et al., 1997; Baker et al., 2002; Barratt and Combrink, 2002; Oberthiir and
Saager, 1986; Steenkamp et al., 2000; Oosthuizen and Ehrlich, 2001; Fatoki and
Awofolu, 2003; Wagner and Hlatshwayo, 2005; Dalvie and Ehrlich, 2006), however
none of these address the development of a Hg emissions inventory for South Africa.

In a co-ordinated attempt to assess the extent of Hg pollution in South Africa,
representatives from the South African government, academia, research councils and
key industries recently launched the South African Mercury Assessment (SAMA)
Programme (Leaner et al., 2007). Stakeholders participating in the SAMA Programme
have already undertaken limited Hg inventory development, while monitoring of total
gaseous Hg has recently been undertaken in Pretoria in the Gauteng Province. In
addition, total gaseous Hg monitoring at the Cape Point Global Atmospheric Watch
Station in the Western Cape Province (Baker et al., 2002) has been continuously
monitored for several years. Recent efforts, however, have also focused on measuring
total Hg concentrations in wet deposition at Cape Point and in Pretoria.

Aside from the Hg emission estimates from Pacyna et al. (2003; 2006), this report
provides the first comprehensive assessment of Hg emissions for South Africa. This
chapter attempts to refine published atmospheric Hg emission estimates for South
Africa through the development of a national inventory and the use of data derived
from past (Baker et al., 2002) and current Hg monitoring being undertaken.

5.2 Current Understanding of Mercury Emissions
and Levels in South Africa

5.2.1 Priority areas Identified for Monitoring
Air Pollution in South Africa

A number of air pollution “hot spots” exist in South Africa, where severe air quality
problems have been experienced. Recently, the Department of Environmental Affairs
and Tourism (DEAT) made special interventions to improve the air quality in two of
these identified “hot spots” regions. In terms of the National Environmental Manage
ment: Air Quality Act 2004 (Act No. 39 of 2004) (DEAT, 2004), DEAT declared
two National Priority Areas in the country, namely the Vaal Triangle Air-shed Priority
Area and the Highveld Priority Area (Figures 5.1 and 5.2) (DEAT, 2006a and 2007).
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Table 5.1 Current air quality parameters monitored in the Vaal Air-shed Priority Area of South
Africa

Responsible Authority Location Air Quality Parameters Monitored

City of Johannesburg Jabavu and Orange Farm PM, and SO,

Sedibeng District Municipality Midvaal Local Municipality NO,, NO, NOx, SO,, O,, CO
(Meyerton) and PM

Sedibeng District Municipality Emfuleni Local Municipality NO,, O,, SO,, C H,, Xylene
(Vanderbijlpark) and Toluene

The National Priority Areas have been declared because the “proposed ambient
air quality standards are being or may be exceeded in the area, or any other situation
exists which is causing, or may cause, a significant negative impact on air quality
in the area; and because the areas require specific air quality management action to
rectify the situation” (DEAT, 2006a).

The Vaal Triangle Air-shed Priority Area comprises activities such as heavy
industries; one coal-fired power station; several commercial operations and trans-
portation; small-scale boiler operations; landfill and waste incineration; and domestic
fuel burning (DEAT, 2006a). The Highveld Priority Area also has a range of industrial,
mining and agricultural activities including: coal-fired power stations; timber and
related industries; metal smelters; petrochemical plants; and heavy and small industrial
operations (DEAT, 2007).

Air pollution monitoring activities in the identified National Priority Areas of South
Africa focus primarily on particulate matter (PM, and PM, ,), SO, and other pollutants
(Table 5.1), and generally do not include Hg emissions. However, given the similarity
in the sources of these pollutants, the extent to which they are emitted is likely to be
indicative of any atmospheric Hg emissions. Since most of South Africa’s coal fired
power plants are located in the Mpumalanga Province (Figure 5.2), where approximately
83% of South Africa’s coal production takes place (EIA, 2006), any Hg emissions
monitoring in the National Priority Areas will provide an improved Hg assessment for
the country, as suggested by others (Leaner et al., 2007; Dabrowski et al., 2008). Moreover,
other coal burning industries (e.g. cement production, coal gasification facilities) are
also located in the identified National Priority Areas (Figures 5.1 and 5.2).

The DEAT is currently implementing an air quality monitoring network, with
five monitoring stations, to measure the following pollutants: SO,, nitrogen oxides
(NOx), ozone (0O,), carbon monoxide (CO), particulate matter smaller than 10 um
(PM,), particulate matter smaller than 2.5 ym (PM, ), lead (Pb), Hg, benzene, toluene,
ethyl benzene and xylene (BTEX), at the two National Priority Areas. There are
also plans to deploy atmospheric Hg samplers at other locations in South Africa,
e.g. Eskom plans to install a Hg analyser at one of its monitoring sites.

5.2.2 Mercury Emissions Inventory for South Africa

South Africa is a primary producer of many important and strategic metals (e.g. gold,
platinum, lead and zinc) and is a major producer and consumer of coal (DME, 2003;



118 J.J. Leaner et al.

Murkherjee et al., 2008). Although production of these minerals and materials is
known to contribute to Hg pollution, detailed Hg emission inventories for these
sources are unavailable for South Africa.

Atmospheric Hg emission estimates for different source categories were calculated
as follows:

X F X 10 x (1-ERF) (1)

Hg(alomsphere) = C(mass)

where: C(mass) is either the amount of coal combusted, commodity produced, or
waste deposited or incinerated (Mg yr''); Fa is the fraction of Hg emitted by C
in mg / kg; and ERF is the emission reduction factor (UNEP, 2005), which is based
on the type of emission control device, and whether present or absent.

Based on the above calculation and an analysis of different Hg source categories,
coal consumption by coal-fired power plants was identified as the largest potential
source of Hg emissions, given that approximately 112.20 Tg of coal was combusted

during 2004 (CoMSA, 2004) (Table 5.2). The country is reliant on the combustion

Table 5.2 Total amount of coal consumed or commodity produced by major industries in South

Africa during 2004

Source Category

Coal Consumed /
Commodity

Total Amount per

Produced (Tg yr!) Source Category (Tg yr!) Reference

Coal-Fired Power Plants - 112.200 CoMSA (2004)
Coal Gasification - 41.444 DME (2008)
Consumer Products (Hg waste)* - 9.145 x 10° DTI (2004)
Fuel Production - 20.225 -

- Minerals 2.129 - DME (2008)

- Crude Oil Refining 18.096 - DME (2008)
Cement Production - 14.922 -

- Cement Production (clinker)®  1.946 - DME (2005)

- Cement Production (new) 12.975 - CNCI (2008)
Ferrous Metals: Iron & Steel - 13.620 -

- Coke Production 2.717 - DME (2008)

- Iron & Steel (scrap smelting)  4.904 - DME (2008)

- Pig Iron & Steel (new) 6.000 - SAISI (2007)
Residential Heating - 4.996 DME (2008)
Non-Ferrous: Primary Metals - 0.629 -

- Gold 2.55 % 10* - CoMSA (2006)
- Zinc 0.240 - DME (2006)

- Copper® 0.346 - DME (2006)

- Lead 0.042 - DME (2006)
Waste Incineration (medical) - 0.028 DEAT (2006b)
Total 208.064

“Based on the importation of 1 829 066 double-ended fluorescent light tubes, and assuming that

each tube contains 10 mg Hg.

"Based on annual cement production, and that 15 Mg of coal are required to produce 100 Mg of

clinker.

‘Based on 103 900 Mg copper produced, and the average copper content of copper concentrate

being 30%.
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of coal, with coal-fired power plants accounting for about 90% of the country’s
primary energy needs (Spalding-Fetcher and Matibe, 2003). Much of the coal used
for energy production in South Africa is supplied by mines located on the Highveld
coal-field (Wagner and Hlatswayo, 2005), which is also the second largest productive
coal-field in the country.

Cement production (DME, 2005; CNCI, 2008), coal gasification (DME, 2008), fuel
production (DME, 2008) and ferrous metals production (DME, 2008; SAISI, 2007)
are other significant Hg source categories identified for South Africa (Table 5.2). Coal
combustion in residential heating (DME, 2008), non-ferrous metals production
(CoMSA, 2006; DME, 2006) and medical waste incineration (DEAT, 2006b)
totalled an estimated 5.65 Tg during 2004 (Table 5.2). Consumer products such as
fluorescent light tubes (DTI, 2004) that contain Hg, ranked the lowest in terms of
Hg waste likely deposited to landfills (9.14 x 10° Tg) (Table 5.2). Mercury emissions
from these potential sources were evaluated to the extent possible, given the limited
information available for South Africa.

As discussed below, total atmospheric Hg emissions from all potential sources
in South Africa were estimated to be about 40 Mg during 2004 (Figure 5.3). It should
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Figure 5.3 Average atmospheric Hg emissions (1 metric ton = 1 Mg) estimated for different
source categories in South Africa during 2004
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be noted that Hg emissions estimated from coal combustion (i.e. coal-fired power
plants) and particularly non-ferrous metals: primary metals, of which gold contributes
only a small fraction, are significantly lower (Figure 5.3) than values that have been
reported previously for South Africa (see Pacyna et al., 2006).

5.2.2.1 Coal Combustion: Power Plants

Mercury emissions from coal-fired power plants and the degree of Hg speciation
(Hg® or Hg™) depend on the amount of coal combusted and the emission control
devices used to remove SO, or NO_, and other particulate and gaseous pollutants
(Pacyna et al., 2006; Dabrowski et al., 2008). For South Africa, emission control
devices in coal-fired power plants include electrostatic precipitators and fabric filters
(Table 5.3). The atmospheric Hg emissions from coal-fired power stations were
estimated to be 30.96 Mg during 2004 (Figure 5.3).

The estimate was based on Hg concentrations measured in coal used at South
Africa’s coal-fired power stations during 2001 (Table 5.3; Gericke et al., 2007), the
amount of coal consumed at these power stations during 2004 (CoMSA, 2004;
Table 5.2) and the reduction factors associated with the emission control devices
used (Table 5.3). While the data on which these estimates are based is relatively
small, and is somewhat higher than previously reported (average 0.15 ppm; Wagner
and Hlatshwayo, 2005), the Hg concentrations in coal (Table 5.3) are within a
much smaller range than that which would have been derived using the default
values in the UNEP assessment tool (range 0.1 — 1 ppm Hg in coal; UNEP, 2005).
Our previous Hg emission estimates of 9.75 Mg of Hg from coal-fired power plants
were based on 0.15 ppm Hg in coal (Dabrowski et al., 2008). This estimate is likely

Table 5.3 Emission control devices used at coal-fired power plants of South Africa (adapted from
Dabrowski et al., 2008)

Power Plant Emission Control Device Hg in coal (¢ Mg?) Emission Reduction Factor

Arnot Fabric filters 0.17¢ 0.50

Duvha Electrostatic precipitators  0.23? 0.50
and Fabric filters

Hendrina Fabric filters 0.21* 0.50

Kendal Electrostatic precipitators  0.44% 0.50

Kriel Electrostatic precipitators  0.34* 0.50

Lethabo Electrostatic precipitators  0.36* 0.50

Majuba Fabric filters 0.29* 0.50

Matimba Cold sided - Electrostatic ~ 0.45° 0.10
precipitators

Matla Electrostatic precipitators  0.29* 0.50

Tutuka Cold sided — Electrostatic  0.29° 0.10
precipitators

Sasol (Secunda) Cold sided - Electrostatic ~ 0.15° 0.10
precipitators

2Gericke et al. (2007)
"Wagner and Hlatshwayo (2005)
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conservative since the average value reported by Wagner and Hlatswayo (2005)
excludes one of the coal samples (average 0.23 = 0.03 ppm Hg) as unrepresentative
and also the USGS average value of 0.2 ppm Hg. Clearly more analysis of South
African coal samples and/or Hg emission measurements is required to improve the
Hg emission estimates.

The Hg emissions estimated in this study and Dabrowksi et al. (2008) are
significantly lower than previously published Hg emission estimates for South
Africa (see Pacyna et al., 2006). Nevertheless, Hg emissions estimated from coal-fired
power plants are substantially higher than all other sectors (Figure 5.3), particularly
those that use coal combustion processes (e.g. cement production, coal gasification,
residential heating, iron and steel processing). With South Africa’s increasing
demand for energy, the commissioning of two new coal-fired power plants and the
de-mothballing of three existing coal-fired power plants (MRA, 2003), Hg emissions
to the environment will inevitably increase over the next decade, unless strict emission
control technologies and Hg reduction policies are implemented.

5.2.2.2 Coal Combustion: Coal Gasification Process

South Africa uses a significant amount of coal as a feedstock for the production of
viable alternative fuels and chemicals. South Africa’s largest synthetic fuels producer
converts low-grade coal into petroleum products. Synthesis gas, rich in hydrogen and
carbon monoxide derived from the gasification of coal, is converted to hydrocarbon
products via the Fischer Tropsch process (Van Dyk et al., 2006). A large facility
located near Secunda in the Mpumalanga Province produces about 30% of South
Africa’s liquid fuels requirements (180 000 barrels of fuels and chemicals per day).
During 2004, total coal consumption for the production of alternative fuels and
chemicals in South Africa was approximately 41 Tg (DME, 2008). Generally,
about 70% of this coal used is gasified, while the remaining 30% is combusted to
produce process steam and electricity (Wagner et al., 2008).

During coal gasification, most Hg is associated with the crude gas stream,
although a small proportion is found in the ash fraction (2.5 — 20% of Hg), and less
in the liquid hydrocarbon co-products fraction (Wagner et al., 2008). Bunt and
Waanders (2008) reported that gaseous Hg? was the most volatile of all trace metals
during fixed-bed gasification. The gas cleaning process, known as the rectisol process,
is a functional sink that removes Hg® and other impurities from the crude gas, as a
solid. The Hg that is removed during maintenance cleaning is disposed of as per
requirements for Hg® containing waste. Of the 30% coal combusted for producing
utilities (steam and electricity), Wagner et al. (2008) estimated that about 80% of
the Hg associated with this coal is emitted. This estimate was based on both isokinetic
sampling and mass balance calculations.

A total of 1.68 Mg Hg was estimated to be emitted from coal combustion in the coal
based petrochemical process during 2004 (Figure 5.3). This estimate was based on the
following: 30% of the coal consumed during 2004 in the coal-fired steam plants
(Table 5.2); an average coal Hg concentration of 0.15 ppm Hg (Wagner and Hlatswayo,
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2005); and taking into account the emission control devices used (Table 5.3). Overall,
the Hg emissions estimated (1.68 Mg in 2004) is comparable to the estimate of Hg
emissions (1.25 Mg per year) reported by Wagner et al. (2008). Additional atmospheric
Hg measurements are, however, required to verify the above estimates.

5.2.2.3 Crude Oil Refining and Minerals Processing

South Africa is not a major oil producer but has the second largest oil refining
capacity in Africa, following Egypt (EIA, 2007). Total Hg concentrations in crude
oil used in the refining process range between 0.01 to 0.5 ppm (Pacyna et al., 2006).
Mercury concentrations in crude oil vary substantially depending on its origin, and
the affinity of Hg for mineral matter (Pacyna et al., 2006). Since South Africa
imports more than 80% of its crude oil requirements from the Middle East (Iran
and Saudi Arabia; EIA, 2007), Hg emissions from this source is considered to not
vary significantly.

Overall, a total of 0.45 Mg Hg is estimated to have been released during crude
oil refining and minerals processing in South Africa in 2004. Of this, crude oil
refining is estimated to emit about 0.16 Mg Hg, while coal combustion during
minerals processing accounts for the remaining fraction of 0.287 Mg Hg (Figure 5.3).
These emissions were based on approximately 18 and 2 Tg of crude oil refining and
minerals processing during 2004 (Table 5.2; DME, 2008), respectively; and their
associated emission reduction factors (Table 5.4). As South Africa’s oil and fuel
consumption has increased steadily during 1986 — 2006 (EIA, 2007), with no signs
of slowing in the near future, Hg emissions from crude oil refining and minerals
processing are likely to continue to increase in the future.

Overall, a total of 0.45 Mg Hg is estimated to have been released during fuel
production in South Africa in 2004. Of this, the coal combusted during minerals
processing is estimated to emit about 0.287 Mg Hg, while the remaining fraction
(0.16 Mg Hg) is estimated to be emitted during crude oil refining (Figure 5.3).
These emissions were based on approximately 2 and 18 Tg of minerals processing
and crude oil refining during 2004 (Table 5.2; DME, 2008), respectively; and their
associated emission reduction factors (Table 5.4). As South Africa’s oil and fuel
consumption has increased steadily during 1986 — 2006 (EIA, 2007), with no signs
of slowing in the near future, Hg emissions from crude oil refining and minerals
processing are likely to continue to increase in the future.

5.2.2.4 Cement Production

Coal for firing cement kilns and producing clinker are the major sources of Hg in cement
production. Using annual cement production data, the annual coal consumption was
estimated, considering that approximately 15 Mg of coal is burned in order to produce
100 Mg of cement clinker (DME, 2005). Therefore, production of about 12.98 Tg
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Table 5.4 Emission reduction factors used for estimating atmospheric total Hg emissions in different
source categories in South Africa

Source Category Emission Reduction Factor Reference

Consumer Products (Hg waste) 0.95 UNEP (2005)
Fuel Production 0.10 UNEP (2005)
Cement Production 0.10 UNEP (2005)
Ferrous Metals: Iron & Steel (scrap smelting) 0.10 UNEP (2005)
Ferrous Metals: Pig Iron & Steel 0.05 UNEP (2005)
Non-Ferrous: Primary Metals (zinc, copper, lead) 0.90 UNEP (2005)
Waste Incineration (medical) 0.10 UNEP (2005)

cement in 2005 (CNCI, 2008) is equivalent to utilising approximately 1.95 Tg of
coal for firing the kilns (Table 5.2). Using appropriate emission reduction factors
(Table 5.4), approximately 3.77 Mg of Hg was released to the South African envi-
ronment during this period (Figure 5.3), including emissions resulting from com-
bustion of coal for firing of kilns.

Pacyna et al. (2006) reported that Hg emissions for cement production in Africa
were 5.3 Mg in 2000. Thus, the Hg emissions reported in this assessment are over
50% of the total estimate for Africa. Cement production will likely increase as new
infrastructure is required to support the growing South African economy. Thus, Hg
emissions for South Africa and the continent will increase. Monitoring of Hg emis-
sions from this source, however, will provide more robust Hg emission assessments
for South Africa.

5.2.2.5 Ferrous Metal Production - Iron and Steel

Relative to other sectors, a small amount of coal is used in the South African iron
and steel industry. The major source of Hg emissions from this activity is from coke
production (Pacyna et al., 2006). Using appropriate emission reduction factors
(Table 5.4), the combustion of approximately 7.62 Tg of coal for coke production
and scrap smelting in the iron and steel industry during 2004 (Table 5.2; DME,
2008) is estimated to have released about 1 Mg of Hg to the environment (Figure
5.3). About one-third of the Hg emitted is from coke production, with the remaining
two-thirds attributed to scrap smelting. In addition, about 0.29 Mg Hg (Figure 5.3)
is estimated to be released from the production of about 6 Tg of pig iron and steel
during 2004 (Table 5.2; SAISI, 2007).

The estimated Hg emissions from these sources reported in this study are higher
than Hg emissions reported for the African continent in 2000 (0.4 Mg; Pacyna
et al., 2006). As with all developing countries, South Africa is experiencing rapid
industrial growth, particularly in this sector of the economy, and Hg emissions from
this source are expected to increase in future. More detailed information on the type
and efficiency of emission control devices used would improve our understanding
of Hg emissions from this source.



124 J.J. Leaner et al.
5.2.2.6 Coal Combustion: Residential Heating

Although informal settlements and rural area households in South Africa use coal
for heating and cooking (Spalding-Fecher and Matibe, 2003), this source of Hg is
not well defined. Approximately 5 Tg of coal was used for heating and cooking
during 2004 (Table 5.2; DME, 2008). In the absence of emission control devices,
and assuming a Hg concentration of 0.15 ppm in Highveld coal (Wagner and
Hlatswayo, 2005), about 0.75 Mg Hg is estimated to have been emitted to the
atmosphere during this time (Figure 5.3). Since about 90% of Hg emitted from this
source is gaseous Hg® and Hg'™ (Pacyna et al., 2003), individuals would be directly
exposed to about 0.66 Mg of Hg during heating or cooking in their homes. Increased
Hg emissions, concomitant with an increase in coal burning will likely occur during
winter, similar to what has been reported in China (Wang et al., 2006).

5.2.2.7 Non-ferrous Metal Production: Primary Metals

Mercury emissions from different primary (virgin) metal ores vary according to the
technology used to process the ore, the content of Hg in the ore and the type of emission
control devices employed during processing. Overall, an estimated average of 0.64
Mg Hg was emitted during non-ferrous metal production (Figure 5.3), as determined
as below. Most of the Hg emissions was estimated to be from gold (Au) production,
followed by the production of copper (Cu), zinc (Zn) and lead (Pb).

In South Africa, the Witwatersrand ores reportedly have Au and Hg concentrations
ranging between 80.9 — 92.9 wt.%, and 0.6 — 5.8 wt.%, respectively (Frimmel and
Gartz, 1997). Gold from these ores was traditionally extracted using the Hg:Au
amalgam method, until it was replaced with a cyanide-based process in 1890 when
mining operations reached greater depths (Naickera et al., 2003). Previously,
Schroder et al. (1982) estimated that Hg emissions from the entire gold-mining
industry in South Africa is less than 0.2 Mg per year, with approximately 4% lost
to the atmosphere. Others have suggested a 6% Hg loss to the atmosphere during
gold recovery (Jones and Miller, 2005).

Taking into account Hg: Au ratios ranging between 0.01 — 0.06 in ores (Frimmel
and Gartz, 1997), and assuming that between 4 — 6% Hg is lost to the atmosphere,
approximately 0.10 — 0.93 Mg Hg was estimated to have been emitted when
about 255 Mg of Au was produced in South Africa during 2004 (Table 5.2;
CoMSA, 2006). Based on this data, the estimated average of 0.32 Mg Hg produced
by the Au mining industry during 2004 (Figure 5.3) is significantly lower than
values recently reported for South Africa (Pacyna et al., 2006). The Hg emission
estimates from this industry, which uses cyanidation and not Hg amalgamation to
extract gold from ore, are based on limited information and require Hg emission
measurements at the source(s). The production processes for other primary
(virgin) metals were estimated to emit a total of approximately 0.32 Mg Hg per
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year (Figure 5.3) from the production of 0.240 Tg Zn, 0.346 Tg Cu and 0.042 Tg
Pb (Table 5.2; DME, 2006). Emission reduction factors for these metals are listed
in Table 5.4. Overall, the Hg emissions from primary metal production in South
Africa are much lower than emissions released during ferrous metal production.

5.2.2.8 Consumer Products, Waste Deposition (landfills) and Incineration

Waste deposition, land filling and incineration are important sources of Hg emissions
to the environment, particularly since Hg-containing products (e.g. batteries,
lamps, and electric switches) are often discarded as general waste to landfills or
incinerated. Although the Hg content of municipal waste streams is thought to be
decreasing in the developed world (Van Veizen et al., 2002), little is known about
the situation for developing countries. In South Africa, about 95% of waste was
disposed of in landfills prior to 2000 (DWAF, 1998). Landfills generally release
landfill gas that contains varying quantities of heavy metals, including Hg
(Lindberg et al., 2005; de la Rosa, 2006; Nguyen et al., 2007; Ilgen et al., 2007).
Indeed, total Hg levels in landfill gas at a Florida landfill measured up to ~12 ug/m?
(Lindberg et al., 2005). Total Hg levels in landfill gas have not yet been measured
in South Africa. Currently, consumer products such as Hg-containing fluorescent
light sources (double end tubes) are not separated from general waste and are
assumed to be land filled in South Africa. A total of 1,829,066 fluorescent light
tubes (double end) were imported into South Africa during 2004 (DTI, 2004);
assuming an average Hg content of 10 mg per item (NEWMOA, 2006), this yields
an estimated 0.018 Mg Hg produced by this source (Table 5.2). Assuming that
about 0.009 Mg Hg (50% of the fluorescent light tubes) were land filled, and
using appropriate emission reduction factors (Table 5.4), approximately 0.46 kg
Hg (0.0005 Mg Hg) was estimated to be released from this source during 2004
(Figure 5.3). The estimate is conservative, and Hg emissions from fluorescent
tubes (and compact fluorescent lights) are likely to increase, concomitant with the
drive towards more energy efficient lighting in South Africa.

Medical waste is reported to be the fourth largest contributor of Hg to the
global environment (Zimmer and McKinley, 2008). South Africa’s National Waste
Management Strategy requires medical waste to be sorted prior to disposal or incin-
eration; and that the disposal of potentially hazardous medical waste to landfills
should be avoided (DEAT, 1999). The authorised medical waste treatment capacity
(commercial service providers; public and private hospitals) in South Africa was
approximately 0.028 Tg of medical waste in 2005 (Table 5.2) (DEAT, 2006b).
Assuming that this was the amount of medical waste incinerated during 2004, and
using the relevant emission factors (Table 5.4), approximately 0.60 Mg of Hg is
estimated to have been released to the South African environment (Figure 5.3).
Poor on-site incinerators in public hospitals or clinics, if present; and the burning
or illegal dumping of waste in residential areas will likely increase Hg emissions to
the South African environment.
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5.2.2.9 Artisanal and Small-scale Gold Mining Activities

Although artisanal gold miners operate in the Mpumalanga and Limpopo Provinces
(CoMSA, 2006), the extent to which artisanal and small-scale gold mining activities
contribute to Hg emissions in South Africa is unknown. This activity is illegal in
South Africa, yet between 8 000 to 20 000 small-scale gold miners are estimated to
be operating in the country. Mercury emissions from artisanal gold mining in other
African countries are low (e.g. 3 to 5 Mg per year in Zimbabwe; Veiga, 2004).
For South Africa, the Hg emissions from these activities are likely to be lower,
considering the estimated number of gold miners in the country is far lower than
that found in Zimbabwe.

5.3 Monitoring Hg Emissions in South Africa

Atmospheric monitoring of Hg concentrations in South Africa to date has mostly
been made at Cape Point’s Global Atmospheric Watch (GAW) Station in the
Western Cape. There have been measurements of total gaseous Hg since 1995 at
the Cape Point GAW Station (Baker et al., 2002; Slemr et al., 2006) and these have
recently been supplemented with additional atmospheric Hg sampling. The average
yearly concentrations of total gaseous Hg in the atmosphere between 1995 and
2004 ranged between 1 and 1.5 ng m™, similar to those measured on board ship in
the South Atlantic, and only slightly elevated compared to those measured at
Neumayer on the Antarctic Peninsula (Baker et al., 2002; Slemr et al., 2006). These
concentrations therefore represent the regional background signal and do not show
enhanced concentrations that are predicted by modelling studies that use the Pacyna
et al. (2006) emission scenarios (e.g. Selin et al., 2007; Strode et al., 2007).

Initial atmospheric Hg studies are currently underway at the CSIR in Pretoria in
the Gauteng Province. While these studies are just beginning, there is evidence that
the concentrations of total gaseous Hg are occasionally elevated (~ 2 ng m?),
especially during the day, and there is some indication of a diel variation (lower
concentrations at night). Such concentrations and variations may reflect local and
regional sources in the vicinity, and are not surprising given the high level of urban
and industrial activity in the Gauteng Province.

More recently, rainfall collections have been made (weekly bulk phase) at Cape
Point’s GAW station. Because the collector is continuously open, the device collects
both wet deposition and some fraction of the dry deposition. The average Hg
concentration in rainfall for seven weeks of weekly rain sampling (July and August
2007) was 6.3 = 3.0 ng L''. While this preliminary data should not be over-extrapolated,
they are not substantially elevated for what may be expected from a coastal location
on the South Atlantic Ocean, and are consistent with the air measurements. Scaling
this data to a yearly flux suggests that wet deposition could amount to around 3 pg
m? yr!, a value that is consistent with the estimates of Mason et al. (1994) for the
remote southern Hemisphere, and lower than that of similar locations in the North
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Atlantic (Bermuda, for example, is 8 ug m™ yr!, or most locations on the east coast
of the USA (e.g. Mason et al., 2000). Overall, the Hg concentrations in precipitation
and atmospheric air samples measured at Cape Point are inconsistent with the
predictions of modelling studies that use the Pacyna et al. (2006) emission scenarios
(e.g. Selin et al., 2007; Strode et al., 2007). Weekly rain collections in Pretoria in
Gauteng Province are also now underway and the preliminary results from these
collections (August 2007 to February 2008) suggest higher concentrations (21 £18
ng L'; volume weighted mean concentration 16.5 ng L!). The associated annual
flux is 8.8 ug m? yr! (for an annual rainfall of approximately 0.5 m yr'). Thus,
there is a contrast in Hg concentrations and fluxes between Pretoria and Cape Point,
which reinforces the notion of more extensive anthropogenic emissions in the
northern-most provinces of South Africa. The current data support the re-evaluation
that while there are substantial Hg emissions for South Africa, their extent is lower
than previously thought.

5.4 Gaps in Our Current Understanding

The industries mentioned above are all important in South Africa and further monitoring
and research is required to verify the reported Hg emission estimates from these
sources. Other important sources of Hg emissions, such as chlor-alkali production,
are also part of South Africa’s industries. In addition to this, there is a need to evaluate
the contribution of biomass burning as a potential source of Hg to the South African
environment. Measurements of total gaseous Hg at Cape Point, downwind of a fire
on the Cape Peninsula, suggested that biomass burning could be a significant
source of Hg in the southern Hemisphere (Brunke et al., 2001). The impacts of Hg
from these sources have not been characterised in South Africa. In addition, a
detailed examination of Hg levels in artisanal gold mining areas in South Africa is
needed to evaluate the potential impact that such activities may have on human
health and the surrounding terrestrial and aquatic ecosystems. Although these are
potential sources of Hg, no information is available on the Hg content of emissions
from these sources. In addition, the fate and transport processes of gaseous Hg
through the entire electricity generation process require further investigation.

5.5 Research Needs

All estimates included in this study are based on the best available information.
While data on the Hg content of coal exist, these data are generally only available
for the Highveld coal field. The Hg content of coal and Hg emissions resulting from
its use are likely to vary across the country. Major gaps in our understanding of
point source Hg emissions include the Hg content of raw materials used in industry
(i.e. in iron and base metal ores, limestone in the cement industry, etc.) and the type
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and efficiency of control devices used in various industrial sectors. Further research on
the Hg point sources, and the actual Hg emission measurements from these sources,
are required.
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Chapter 6

World Emissions of Mercury from Artisanal
and Small Scale Gold Mining

Kevin H. Telmer and Marcello M. Veiga

Summary We estimate mercury releases from artisanal and small scale gold mining
(ASGM) based on available data about mercury and gold exports and imports by
country and from field reports from the countries known to have active ASGM
communities. The quality of the estimates ranges from reasonable to poor across the
countries. This paper aims to give a first order estimate of the amount and location
of mercury being released into the environment globally by ASGM, to motivate
stakeholders to improve the quality of these estimates, to illustrate the linkages between
global mercury trade and its use in ASGM, and the fourth objective is to provide a
practical outline of the options available for reducing mercury use in ASGM. We
estimate that artisanal and small scale gold mining releases between 640 to 1350 Mg
of mercury per annum into the environment, averaging 1000 Mg yr', from at least
70 countries. 350 Mg yr! of this are directly emitted to the atmosphere while
the remainder (650 Mg yr') are released into the hydrosphere (rivers, lakes, soils,
tailings). However, a significant but unknown portion of the amount released into the
hydrosphere is later emitted to the atmosphere when it volatilizes (latent emissions).
Considering that ASGM is growing, latent emissions conservatively amount to at least
50 Mg yr! bringing the total emission of mercury to the atmosphere from ASGM to
400 Mg yr'. This estimate of emission to the atmosphere differs from the previous
one provided in the 2002 UNEP Global Mercury Assessment both in terms of its
magnitude (400 Mg yr', versus 300 Mg yr') and in the way the estimate has been
made. The current estimate is based on a better understanding of ASGM and on
a wider variety of information sources, more field evidence, better extrapolation
methods, and independent testing by analysis of official trade data.

6.1 Introduction

We begin with a presentation of the intricacies of why mercury is used in ASGM
and how it is released to the environment. A good understanding of the use of mercury
in ASGM is needed in order to evaluate both the emission estimate and the options
available for reducing mercury use.
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We then begin to build the database on mercury in ASGM by identifying the
known localities of ASGM - documented to occur in 70 countries — by citing
reports from governments, international bodies, NGOs, the peer reviewed literature,
and from mining companies. This is followed by a section that uses case studies and
field data collected from various intervention efforts, as well as arguments from
later sections, to make an estimate of the consumption of mercury in ASGM by
country. This is further broken down into an estimate of how much mercury is
directly released to the atmosphere.

The next section examines the global trade in mercury and gold for the purposes
of placing the magnitude of mercury consumption by the ASGM community
into perspective. Because reporting is voluntary, this approach is imperfect but
does provide some useful information on mercury in ASGM. It also re-enforces
the notion that mproved reporting of mercury trade would greatly improve our
ability to track flows of mercury around the world. For example, despite having
active dental services that undoubtedly use mercury, there are 70 countries that
do not report any trade in mercury. Analysing the trade data, allows some crude
but independent constraints on the magnitude of mercury consumption in ASGM
to be made.

We then explain the current knowledge gaps surrounding mercury use in ASGM.
This is to point out that despite being one of the largest sources of mercury to the
environment, research on mercury in ASGM has been relatively poorly funded and
grossly unsophisticated relative to that carried out in the northern hemisphere, and
that small scale mining communities are a good place to build knowledge about
mercury. Aside from answering important questions about mercury’s behaviour,
working in these communities would additionally bring needed resources, raise
awareness, and undoubtedly produce some innovative ideas. The current lack of
understanding about mercury in ASGM puts a limitation on the development of
innovative solutions towards prevention and remediation.

The final section examines the options available to reduce mercury use in ASGM
and the estimates the magnitude of reductions for each of the options discussed.

6.2 Why Mercury is Used

Mercury is used in ASGM for the following reasons:

1. Mercury use is very easy — the easiest and quickest method to extract gold from
many alluvial ores under the existing field conditions. This is sometimes debated
by those who have not spent much time in the field, but it is a verity. A simple
way to look at this is as follows. In the case study by Telmer and Stapper (2007),
the effective ore grade (what is recoverable by the miners) was about 0.1 g Mg';
the miners processed about 100 Mg of ore per day to produce a gravity concen-
trate of 10 kg of ore. That represents a concentration factor of 10,000 times.
The 10 kg of concentrate contains 10 g gold and so they need to further concentrate
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by 1000 times. This can be done by manual gravity methods (like panning) but
will require significant time and will risk the loss of some gold (particularly the
finer fraction). For example, recreational small scale miners in Canada often
spend 2 or more hours panning up their concentrate. Capturing the gold by amal-
gamating the concentrate takes about 10 minutes and produces more certain
results. So in ASGM sites, the 2 hours is instead used to continue mining and
produce another 2 g of gold.

2. Mercury is very independent — the whole mining process can be accomplished
by just one person thereby eliminating the necessity of participating in undesirable
and unfair labour practices (there is no need to be indentured). Often in more
mature ASGM sites the bottom of the labour pool are still indentured to middle men
or “a syndicate”, but even so, their salaries are inevitably higher than those from
their former occupation, and they always have the choice to strike out on their
own — an important and desirable psychological condition for most people
around the world.

3. Mercury is highly effective at capturing gold under the conditions found in
ASGM sites. Again, the verity of this statement is occasionally debated by
academics but under the circumstances found in ASGM sites, it is indisputably
true. That is not to say it is technically always the “most” effective method to
capture gold, but it can often be the “optimal” method under the socio-economic
and political conditions found in ASGM sites. For example, in the first point
(#1) above, a centrifuge or other technology may be more effective than mercury,
but at what cost? and what infrastructure is needed to operate it? Often costs and
infrastructure are prohibitive. This is particularly true when operations are
illegal, which is most of the cases. Who is going to risk significant investment
into an illegal operation?

4. Mercury is typically very accessible — it is as portable and easy to transport
as gold and so moves across borders and into camps as easily as or more easily
than many other contraband materials. As far as we know, eliminating mercury
through local enforcement has never been successful. In fact it often has a det-
rimental effect on the miners. For example, in Indonesia, mercury was made
illegal in 2006. This drove mercury trade underground and doubled the price
paid in the ASGM sites but did nothing to stem the flow of mercury — in fact
it made selling it more lucrative for merchants. However, it is also true that
increased prices may have been an incentive to increase recycling efforts — keeping
in mind that the affordable recycling technology was only made available
through an intervention program, the GMP.

5. Mercury is relatively very cheap, as explained through the following perspective:

e As of Jan 22, 2008, prices were: mercury (US$600/76 Ib flask; US$17.40/kg);
gold (US$874.00/0zt)

» This is close to historical highs for both mercury and gold.

* Therefore 1g mercury = US$0.017; and 1g gold = US$28.10

e The mercury: gold price ratio is therefore 1:1,650

e If 2 units of mercury were used to produce 1 unit of gold, the cost of the
mercury would represent 0.1% of revenue. An invisible amount.
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* In the mine fields, the price paid for gold is less than the international price,
typically 8 to 10% less (~US$25/0zt) and the price paid for mercury is higher,
particularly where it is illegal making gouging by suppliers easier. Some miners
have reported paying as high as US$200/kg (US$0.20/g) (Creporizio, Brazil).
Under these prices the cost of using 2 units of mercury to produce 1 unit of
gold represents a mercury: gold price ratio of 1:125 or 0.8% of revenue — still
remarkably cheap.

* However, once expenses are paid (fuel, equipment, food, shelter), and profits
are divided — usually very inequitably with the lion’s share going towards the
top of the labour pyramid — the cost of mercury may become significant for
labourers at the bottom, and so despite its apparent cheapness, an economic
incentive to conserve mercury does exist for the lowest paid labourers and for
those who deal in large quantities of mercury — often gold dealers.

6. Miners are not always aware of the health risks that mercury poses. Images of
people carelessly exposing themselves to mercury in Figure 6.1 tragically show
the truth of this.

7. Miners have no choice — in many cases miners are not aware of alternatives if
they do exist, or do not have the capacity to practice them.

8. Mercury is most commonly used when simple gravity methods cannot produce
concentrates greater than 10-20% gold. This is true of many simple hydraulic
sluicing operations and many shallow colluvial or hard rock operations. If a
concentrate of 20% can be produced, then direct gold smelting is possible.

9. Mercury is used when capital (cash) is needed quickly for subsistence or to
purchase materials and supplies required for more sophisticated techniques
like leaching with cyanide. This point is often a difficult one for citizens of
developed nations to fully grasp. The miners — even the middle men — do not
have bank accounts or credit cards or much, if any, access to social assist-
ance like health care, and therefore often cannot wait to get paid. For example,
miners who have made the transition to cyanide leaching and whom know
that the maximum gold can be obtained through cyanide leaching alone,
often return to using mercury when an emergency such as a family illness or
wedding comes up, simply because they cannot wait until completion of the
more time consuming, albeit more efficient, cyanide processing method (often a
1 month cycle).

In summary, using mercury is cheap, simple, fast, independent, and reliable.
And so in many settings, it is hard to beat. That is why, as a first line of interven-
tion, it may be more appropriate to try to reduce mercury consumption through
conservation practices like retorting, fume hoods, and mercury re-activation or
cleaning (making dirty mercury usable again and thereby preventing it from
being discarded into the environment), rather than immediately aiming for the
total elimination of mercury use. The introduction of conservation practises can
easily reduce mercury consumption by 50 to 90% and it is an easily accepted
change in practice — one that can even have the powerful incentive of being
profitable (Agrawal, 2007).
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6.2.1 How Mercury is Released to the Environment

Mercury is released to the environment during artisanal gold mining in a variety
of ways. When it is used to amalgamate gold, some escapes directly into water bodies
as elemental mercury droplets or as coatings of mercury adsorbed onto sediment
grains. The mercury that forms the amalgam with gold is emitted to the atmosphere
when the amalgam is heated — if a fume hood or retort is not used. As well naturally
occurring mercury in soils and sediments that are eroded by sluicing and dredging
becomes remobilised and bio available in receiving waters (Telmer et al. 2006).
Finally, where a combination of cyanide and mercury are used, the formation of
water soluble cyano-mercuric complexes enhances transport and bio-availability.
Albeit the fate of mercury in any of these processes is poorly understood, the
interactions of cyanide and mercury are the least understood at this time.

When miners use cyanide, this dissolves not only gold but also mercury, forming
cyano-mercury complexes. These complexes are easily mobilized by rain and often,
due to poor containment practices, quickly reach stream waters. It is expected that
water-soluble mercury cyanide is either more bio available or easier to be biomethylated
than elemental mercury. This possibility deserves more investigation, but indirect
evidence collected by the Global Mercury Project sites in Indonesia, Zimbabwe and
Brazil suggest this is the case. Dangerously high levels of mercury in fish (average
2.53 +3.91 mg Hg kg'; carnivorous fish: 4.16 = 5.42 mg Hg kg') were found in
Brazil when mercury and cyanide were used together compared to when only mercury
amalgamation was performed (UNIDO, 2006). Other similar investigations were
carried out in Indonesia (Castilhos et al., 2006; Baker and Telmer, 2007).

Overall, therefore, the pathway that mercury from ASGM takes into the environment,
whether it is emitted to the atmosphere, first released into surface water and soils and
later emitted (latent emissions), or exported in products (see later section); as well
as the amount of mercury consumed per unit of gold produced, varies greatly across
ASGM operations and communities.

6.2.1.1 Whole Ore Amalgamation

Whole ore amalgamation is the process of bringing mercury into contact with 100%
of the material being mined. Typically, mercury is either added when the ore is
being ground in mills or the slurry produced from grinding is passed over a mercury
coated copper plate. Amalgamating the whole ore uses mercury very inefficiently
and so between 3 and 50 units of mercury are consumed to produce 1 unit of gold,
with an average of around 5. Most of the mercury loss during whole ore amalgamation
initially occurs into the solid tailings which are often discharged directly into receiving
waters and soils. Importantly, however, it is well documented that this mercury
continues to evade into the environment for centuries (Alpers and Hunerlach, 2000;
Al et al., 2006; Shaw et al. 2006; Winch, 2006). Further, although little studied, it
is certain that mercury in tailings that are subsequently leached with cyanide to
recover more gold (a growing trend already observed in 10 countries) undergoes
enhanced aqueous transport and emission to the atmosphere. This is because of the



6 Mercury Emissions from Artisanal Gold Mining 137

complexation of mercury by cyanide. It is well known that mercury and cyanide,
like gold and cyanide, readily form soluble complexes, and that when cyano-mercury
complexes degrade, mercury readily volatilises.

Immediate emissions to the atmosphere during whole ore amalgamation occur
when the recovered amalgam is heated to produce the gold. In the simplest case,
such as the use of mercury coated copper plates, immediate losses to the atmosphere
are therefore roughly equal to the amount of gold produced. However, there can be
significant additional emissions to the atmosphere on a time scale of weeks to months
from tailings and in particular from operations that employ cyanide. For example, in
a whole ore amalgamation operation like those in Indonesia documented in Sulaiman
et al. (2007), if 20 g of mercury are consumed to produce 1 g of gold, then 19 g
of mercury are lost to the tailings and 1 g of mercury is immediately emitted to the
atmosphere. However, additional mercury is released to the atmosphere shortly
thereafter from: (i) volatilisation from cyanide rich tailings; (ii) during cyanidation
gold is adsorbed from the solution by activated carbon. Mercury is also unavoidably
adsorbed. To recover the gold, the carbon is burnt and so any adsorbed mercury is
emitted at that time; (iii) the “ash” produced by burning the activated carbon is often
re-amalgamated with mercury and this amalgam is also thermally decomposed to
produce the gold, releasing an additional amount of mercury to the atmosphere
equal to the total gold produced. In such cases, immediate emissions to the
atmosphere are minimally greater than the total gold produced and this includes
the amount of gold produced via cyanide leaching.

6.2.1.2 Amalgamation of a Concentrate

In cases where only a gravity concentrate is amalgamated, losses are normally about
1 to 2 units of mercury for each unit of gold produced, but can be significantly lower
if a mercury capturing system is used when the amalgam is burnt — retorts or fume
hoods. For example, in Central Kalimantan, commonly 1.3 g of mercury is consumed
to amalgamate 1 g of gold from a gravity concentrate produced by sluicing alluvial ore
(Telmer and Stapper, 2007). In this case 0.3 g of mercury is discharged to water with
the tailings and 1 g of mercury is emitted to the atmosphere when the amalgam is burnt.
Consumption of mercury in Brazil as recorded by Sousa and Veiga (2007) is similar.
Sometimes the tailings are rich in minerals such as zircon which are valuable to
the ceramics and abrasives industries and so the tailings are not discarded but rather
are further processed and then export (often to China or Korea). During reprocessing
the tailings are often amalgamated a second time to recover any residual gold, and
then further processed to produce (i) a high grade heavy mineral concentrate which is
contaminated in mercury and export, and (ii) a waste which is discarded. The mercury
that is export with the zircon is certain to be emitted to the atmosphere during later
industrial use. The fate of the mercury in the residual waste is unknown but may
end up in aggregate products such as bricks or be discarded into local waterways.
An additional cause of mercury pollution that is frequently overlooked is the discarding
of “dirty mercury”. When ore is amalgamated with mercury the products are (i) solid
amalgam; (ii) tailings; and (iii) residual liquid mercury. For example, a miner may
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add 100 g of mercury to 10 kg of concentrate and then recover 20 g of amalgam
(50% gold, 50% mercury), and 87 g of residual liquid mercury with 3 g lost to the
tailings. They would then re-use the residual liquid mercury to amalgamate the next
day’s concentrate. However, the effectiveness of the liquid mercury is reduced as it
becomes oxidized and contaminated with impurities — this is referred to as “dirty
mercury”. Typically, after 3 or 4 uses, mercury becomes much less effective at
amalgamation and so it is discarded. In the case of dredge operations in Kalimantan,
dredge operators just throw it into the river. This causes mercury consumption to
be higher than the 1.3 units of mercury for every 1 unit of gold described above.
When mercury is not recycled through re-activation (described in the final section),
consumption is likely to be at least twice the ratio established by recording only the
immediate losses that occur during amalgamation.

6.3 Where ASGM is Occurring

There is reasonably good information about where ASGM is occurring. The
Information sources are: reports from the MMSD (2002); 16 years of archives from
the Northern Miner (1992-2008); reports and conference materials from the World
Bank’s Secretariat on Communities and Small Scale Mining (CASM, 2007) up to
2007 (7 meetings); 5 years of reports and conference materials form the UNDP/
GEF/UNIDO Global Mercury Project (GMP) up to 2007; reports from other intervention
programs such as the Swiss Development Agency (SDA), the Canadian International
Development Agency (CIDA), the World Wildlife Fund (WWF); reports and abstracts
from the International Congresses on Mercury as a Global Pollutant (ICMGP) up to
2006 (8 congresses); numerous articles published in the peer reviewed literature; and
personal communications with field operatives of intervention programs and people
employed in the ASGM economy — miners and gold and mercury merchants. Table 6.1
(see Appendix 1) lists the countries and column 3 of Table 6.1 lists the sources of
information that identify the presence of ASGM by country (note that these
information sources are in some cases different from those used later to estimate current
mercury consumption — column 7). Accordingly, ASGM has been documented to
occur in 70 countries. Figure 6.2 illustrates the global distribution of ASGM based
on data from Table 6.1. There are at least 6 more countries that are likely to have
ASGM occurring bring the likely total to 76 countries but with no firm documentation
for those countries we will use the more conservative number of 70.

6.4 Amount of mercury used in ASGM

Amounts of mercury consumed in ASGM can be determined primarily in 5 ways.

1. Direct measurements — using a balance to directly weigh amounts of mercury used.
2. Applying a mercury/gold (Hg:Au) ratio based on the style of operation (gravity
concentrate or whole ore amalgamation) to estimates of gold production.
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Figure 6.2 Map of mercury consumption by artisanal small scale gold mining globally

3. To get to number 2, estimate the number of miners actively mining and their
average gold production.

4. Interviewing miners and gold merchants who buy or sell mercury.

5. Official trade data.

The first four approaches involve directly working with miners and gold merchants
and gaining their trust.

Unfortunately, there is very little high quality information on amounts of
mercury, size of operations, and what styles of operation are in use around the
world in ASGM sites. Much of what exists is anecdotal. In part, this is because
of ASGM’s highly decentralized and remote nature and because it often exists
outside the law. Specifically: (i) there is a lack of interest from governments
about ASGM because miners are marginal citizens — they do not pay tax, do not
vote, do not have permanent homes, etc.; (ii) miners are subjected to gold price
cycles and gold rushes and unfair labour practices and so are very migratory and
dispersed; (iii) many ASGM sites are in remote areas where there is no infra-
structure and therefore no information; (iv) many clandestine (illegal) activities
are involved in ASGM such as money laundering, tax evasion, weapon acquisition,
etc., making it sometimes difficult to access miners and making the quality of
information they provide sometimes questionable; (v) miners and mining and
the use of mercury are often prohibited — perhaps more than 90% of all miners
are operating in illegal ways.

But we have found that, in fact, many of these obstacles can be overcome and
the lack of information is not only due to these reasons. It is also due to the differing
cultures of various intervention efforts. Telmer and Stapper (2007) explain this as
follows: “A good knowledge base is the required backbone to formulate solutions
to the problems associated with mercury and ASGM. Indeed, many well meaning
attempts to improve the livelihoods and living conditions of miners or to reduce the
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environmental impacts of ASGM have failed because of lack of appropriate knowledge
about the ASGM community. There have been attempts to create alternative liveli-
hoods or to introduce mercury-free technologies to miners based simply on the idea
or wish that they should behave differently, rather than starting by understanding the
financial burden that such interventions might cause and then building up a solution
from there.” They go on to explain that “In assessing an ASGM site, there are many
useful bits and pieces of information that help constrain the socio-economic and
environmental realities of small scale gold mining. Of these, perhaps some of the
most useful quantities are: (i) how many people are mining? (ii) how much gold
are they producing?; (iii) how much mercury do they use to do so?; and (iv) what
is the scale of the impacts they are having on the landscape? — How much habitat
(land and water) has been impacted? This basic information can then be used
to constrain many other important aspects of ASGM, and then to educate the
stakeholders and interest groups involved — including the miners themselves. This
in turn helps immensely in guiding the formulation of appropriate intervention
strategies, focusing resources, and avoiding costly and frustrating failures.” And so
unfortunately, despite years of efforts, most interventions in ASGM have either not
attempted to, or have not been able to effectively measure the quantity of mercury
consumed by miners in ASGM sites. There are however some cases where the
amounts of mercury consumed have been well documented.

6.4.1 Indonesia

1. Telmer and Stapper (2007) together with Agrawal (2007) used a scale to directly
weigh amounts of mercury used to amalgamate ore, and then extrapolated these
statistics to Central Kalimantan by using aerial photography and satellite
imagery. The estimate of mercury consumption since 1990 to 2006 for Central
Kalimantan not including river dredging was 70 Mg of mercury with the lion’s
share (10 Mg yr!) being consumed in more recent times. River dredging con-
sumes more mercury than land based work because the miners throw away the
mercury once it becomes oxidized (refered to as “dirty mercury”) and is no
longer a strong amalgamator of gold — a habit that can be changed by teaching
how to clean or re-activate mercury (Pantoja and Alvaarez, 2000; Wuerker,
2008) Sousa and Veiga (2007) estimate how much mercury this prevents from
entering the environment for a case study in Brazil. Mercury consumption is
estimated to at least double for the region when river dredging is included. Central
Kalimantan is about 1/3 of Kalimantan but contains about 1/2 of Kalimantan’s
ASGM sites, and so by further extrapolation using satellite imagery, it is
estimated that 40-60 Mg yr' of mercury are consumed in Kalimantan. This is a
minimum estimate because it does not include any high-grade underground
workings which are known to occur in Kalimantan (Mansur Geiger, Kalimantan
Gold Corporation, pers. comm., 2008) but difficult to see with publically
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available satellite imagery. Further, there are many small operations up the many
tributary river channels that cannot be easily seen by satellite imagery. Many of
these were seen by low flying aerial survey performed while ground truthing the
larger areas with aerial photography — small scale mining was ubiquitous, often
appearing in the wake of illegal logging.

2. Sulaiman et al. (2007) examined a whole ore amalgamation operation in North
Sulawesi, Indonesia, and also used a balance to directly weigh amounts of
mercury used to amalgamate ore per mining operation. Mercury losses per unit
of gold amalgamated were extremely high averaging 37.5 g mercury lost per 1 g
gold produced. The consumption of mercury in just one small area that contained
roughly 100 individual operators was 3 Mg yr!. [An important additional
and worrisome consideration here is that once the ore has been subjected to
amalgamation by mercury, it is subsequently leached with cyanide and then the
final tailings are crudely disposed of into unlined ponds that leak into rivers and
groundwater. It is known that cyanide complexes mercury as well as gold and so
it is certain that the cyanide leaching is enhancing the transport and distribution
of mercury in the environment. It is also known from large scale mining operations
that cyanide leaching enhances mercury evasion to the atmosphere and so that
too is certainly occurring.] Two more mining areas in North Sulawesi of equal
magnitude were visited making a total of 9 Mg yr' mercury consumption only
for the limited study area. However, it is known that there are more operations
in Sulawesi making this a minimum for that island.

The mercury consumption for these two areas is 40-60 Mg yr' for Kalimantan plus
9 Mg yr! for a part of Sulawesi with a total between 50 and 70 Mg yr'. The MMSD
report on indonesia by Clive Aspinal (2002) claims much higher losses of mercury
in north Sulawesi — a total of 270 kg Hg per day which would make annual losses,
based on 260 working days per annum, equal to 70 Mg of mercury — just for one
area in North Sulawesi. Further, the report uses that estimate from North Sulawesi
to extrapolate and make a hypothetical loss of mercury per annum for all Indonesia
of 1400 Mg Hg yr'. Clearly, this is an overestimate. Nonetheless, the report does
help give some useful information on the extent of ASGM in Indonesia claiming
that in 2002 small scale gold miners were operating in Kalimantan, Sulawesi, Java,
Sumatra, and Irian Jaya (now called Papua) — essentially all of the major islands.
Through talking to miners, we learned that it occurs on several other islands as well.
Considering the broad distribution of ASGM in Indonesia and the fact that ASGM
has grown since the MMSD was completed in 2002 (the price of gold has tripled
during that time increasing the incentive to mine), we feel it is reasonable to double
the estimates from Kalimantan and Sulawesi for a total mercury consumption for
Indonesia equal to 100 to 140 Mg yr'. To make the quality of this estimate clear,
and to illustrate how poor the database on mercury in ASGM is, it is important to
understand that despite the obviously loose nature of this estimate, it is perhaps our
most certain figure. Scaling up from one operation to the country level inevitably
involves significant assumptions; nonetheless, we have begun with quantitative data
and used the tools that are available to scale up.
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6.4.2 Brazil

Sousa and Veiga, (2007) have estimated that there are 40,000 miners in the Crepori
area of the Tapajos basin (Reserva Garimpeira) and that they consume 40 g mercury/
month for a total of 19.2 Mg yr'. Telmer and Stapper (2007) independently looked
at a subset of this region representing about 1/2 of the area for the period 1979 to
2006, and only considered land based operations (i.e. no river dredging included)
and estimated an annual mercury use of 4 Mg yr' for 2006 — the closest year to the
work of Sousa and Veiga. By extrapolation to the whole area and including dredges
an amount of 15 to 25 Mg yr' is possible, roughly corroborating the results of
Sousa and Veiga. Brazil is a vast territory and has several other known ASGM sites
including several new areas in the western state of Acre (Blore, 2007) and so we
feel that doubling this estimate to 40 Mg yr' is reasonable.

6.4.3 Other Countries with Documented Estimates

Quantities of mercury have also been relatively well documented in Cambodia
7.5 Mg yr' (Murphy, 2006); Guyana 15 Mg yr'; Suriname 7.5 Mg yr', French
Guyana 7.5 Mg yr'! (Vieira, 2008); and Monglia 11.5 Mg yr' (Grayson, 2007). As
well, quantities of mercury have been estimated in four more countries that partici-
pated in the Global Mercury Project: Sudan 0.8 Mg yr' (Ibrahm, 2003); Zimbabwe
25 Mg yr'; Laos 1.3 Mg yr', and Tanzania 6 Mg yr'. Gunson and Yue (2002)
reported a minimum of 50 Mg yr' mercury released through ASGM in China,
however this estimate was since revised to a min and max of 237 to 652 Mg yr'!
through more thorough research (Gunson, 2004) and seems reasonable based on
the fact that China became the world’s largest gold producer in 2007, much of its
production is known to come from small mines, and that much of China’s
ASGM employs inefficient whole ore amalgamation where the consumption of
mercury can be very high. Unfortunately at this time China officially admits no
ASGM operations occur in its territory.

6.4.4 Other Countries - Direct Anecdotal Information

We have direct anecdotal information on ASGM operations in another 15 countries
(Ghana, Mozambique, Guinea, Uganda, Peru, Colombia, Ecuador, Nicaragua, Bolivia,
Venezuela, Suriname, Chile, Costa Rica, Guatemala, and Madagascar). These involved
either visits or telephone conversations with various stakeholders and miners and
gold merchants who, through personal communications provided estimates of
mercury consumption by the ASGM community — listed in Table 6.1. As such
these estimates are based entirely on anecdotal information gained through
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6 Mercury Emissions from Artisanal Gold Mining 151

discussion. We therefore have relatively good information on ASGM mercury con-
sumption from 2 countries, reasonable information from 7 more countries, and
some but poor information from 14 more countries amounting to some knowledge
by the authors on ASGM sites in 23 countries. These 23 countries represent in
excess of 80% of ASGM mercury consumption.

6.4.5 Remaining Countries - Indirect Anecdotal Information

There is further information from the MMSD reports published in 2002 but as
mercury was not necessarily a primary focus, the estimates, like the one from Indonesia
discussed earlier, are of variable quality. Some seem to exaggerate the amounts of
mercury consumed by the ASGM community. For example our estimate of 7.5 Mg
yr! for Bolivia is far lower than the numbers given by the MMSD report (no total
is given but 25 Mg yr! are ascribed to just one area). Some seem to understate the
problem - the report on India by Chakravorty (2002), for example, claims that there
is no “gold rush” in India and essentially no use of mercury in ASGM in India.
However, other anecdotal reports from Indian colleagues claim this is not the case
and clearly India is heavily involved in the gold industry.

According to goldnews (http://goldnews.bullionvault.com) India consumes nearly
800 Mg of Gold Bullion/a, accounting for about 20% of world gold consumption.
Nearly 600 Mg of it goes into making jewellery representing $13.5 billion in fiscal
2006-07, and accounting for 8.3% of world jewellery sales by value. For the sake
of being conservative, we have assigned India an almost impossibly small amount
of mercury consumption through ASGM of 0.3 Mg yr', however, we imagine that
this could be substantially larger. Many of the other MMSD reports mention the use
of mercury, even the intensive use of mercury, but do not estimate quantities used.

In total there is some form of information for 48 countries ranging from relatively
good to reasonable to poor as described above. Those 48 countries have been assigned
value for consumption of mercury by ASGM operations. For the remaining 25
countries, there is only information indicating the presence of ASGM. These countries
have been assigned a minimum amount of mercury of 0.3 Mg yr' equalling a total
of 7.5 Mg for those 25 countries.

6.5 Reported Trade in Mercury and Gold

In ASGM, mercury consumption (mercury purchased) is equal to the amount of
mercury released to the environment as none that was purchased is ever returned to the
commodity market. Notably, although mercury is traded freely as a commodity around
the world, it is never officially purchased for gold amalgamation despite the fact that
a large amount of what is traded ends up being used for that purpose. For example,
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Brazil, French Guiana, and Indonesia, despite their large ASGM communities, are
countries in which mercury is not allowed by law to be used in gold mining. Here, in
order to understand the limits of our estimations on mercury use in ASGM, we analyse
the existing global trade data on mercury and gold to make some crude observations
and also to show how invisible the trade in mercury and gold from ASGM is.

The following analysis is based on the data in Table 6.1 which lists global trade
in mercury and gold per annum using data from the United Nations Commodity
Trade Statistics Database (COMTRADE) covering the five year period 2002-2006.
The table also contains the number of chlor-alkali plants that use mercury per country
as reported by the Chlorine Institute (2006), and the estimate of mercury consumption
by ASGM made by the authors that is discussed later.

Figure 6.3a shows total reported global mercury trade by country for the years
2002 through 2006 (a 5 year period) as recorded by COMTRADE. The database
relies on voluntary reporting and so is incomplete. For example, the number of years
reported varied between 5 and 1 for the countries listed. Figure 6.3b shows trade
for the same period but per annum by normalising to the number of years reported
(mass of mercury/years reported). For some determinations, it is better to use
Figure 6.3a, for other determinations, it may be more appropriate to use Figure 6.3b.
For example, to determine the average price paid for mercury, it is better to use only
the reported data, but the incomplete reporting in Figure 6.3a would underestimate the
total trade in mercury. The data in Figure 6.3b, on the other hand, may over-estimate
total mercury trade if some countries imported less mercury during the years for which
no reporting was done. The trade data from COMTRADE is therefore, to some degree,
complicated to interpret. Nonetheless, the following conclusions can be reached:

1. The number of countries that actively trade in mercury is 119 but there are 190
countries listed in the UN’s COMTRADE database. Therefore there are 71 countries
that either do not consume any mercury or do not report consumption. Due to dental
practices alone (300 to 400 Mg mercury consumed per annum for amalgam fillings,
Maxson, 2008a; P. Maxson, Concorde Cons., Belgium, 2008, pers. Comm.), it
is unlikely that these 71 countries do not trade in mercury at least for dental use.
This suggests that the database represents a minimum amount of trade.

2. The total reported mercury trade for the 5 year period of reporting from 2002 to
2006 (Figure 6.3a) is 12,750 Mg exported (2550 Mg yr'), and 14,870 Mg
imported (2970 Mg yr' ). Amounts of “re-export” (57 Mg or 11.5 Mg yr') and
“re-import” (0.04 Mg or 0.008 Mg yr!) are insignificant. This implies a surplus
amount of import of 2120 Mg over the 5 year period. Under any trade or consump-
tion scenario, this is unlikely. The reason for the discrepancy is unknown - perhaps
tax avoidance, perhaps incomplete reporting, or both. As it is unlikely that importing
is over-reported, this, as above in point 1, again suggests that mercury trade is
underestimated by the UN COMTRADE database. Therefore, it is reasonable to
assume that, a minimum of 2970 Mg of mercury per annum on average was
imported during the years 2002-2006. Normalising by years reported (Figure 6.3b)
the exports of mercury become 3,230 Mg yr' and imports 3,200 Mg yr'.
The discrepancy is lessened and direction of imbalance reversed to surplus exports
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period 2002-2006 (UN Comtrade, 2008). All reporting countries are listed. (b) Same in (a) but per
annum by normalizing to the number of years reported — many countries did not report for all years
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(30 Mg per annum greater export). The improved balance and more reasonable
direction of surplus (more export than import) suggests that this is a better estimate,
although by no means robust. It is also important to note that trade does not
imply consumption as some of the trade represents recycled mercury, perhaps 5
to 10% globally (Maxson, Concorde Cons., Belgium, 2008, pers. comm.).

. The total value of reported exports (based on Figure 6.3a) was US$113,587,000
or US$22,717,000 per annum; the total value of imports was US$132,593,000
or US$26,519,000/a. Although, for the above reasons, the totals are minimums,
the average price may still be representative. The average selling price of mercury
was US$8.91/kg, the average buying price was US$8.92/kg. The current average
dealer price is US$18.33/kg (Northern Miner, 2008). For reference, Figure 6.4
shows the price of mercury over the last 108 years. Normalising by years reported
(Figure 6.3b) the value of exports per annum becomes US$26,690,000, and
imports US$28,567,000. Again the improved balance suggests that this is more
reasonable estimate but must be a minimum.

. The minimum consumption of mercury by human endeavours can only be
approximated by this database - but not robustly. For example, during this 5 yr
period, the Netherlands exported 198 Mg per annum and imported 592 Mg yr'.
It is unlikely that the Netherlands consumed the difference of 394 Mg yr' as they
only have 1 chlor-alkali plant (Table 6.1) and so their stock must have grown
during this period. Rather the data gives some idea of the main mercury dealers
globally, the average amount of trade per annum (the mass and value of mercury
moving around), the main mercury importers, the countries that must be engaged
in mercury trade but do not report it (e.g. Philippines), and puts some constraints
on the amount of mercury that could possibly be used for ASGM - i.e. it must
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Figure 6.4 Price of mercury over the last 108 years (sources: Northern Miner, 2008; Reece, 2006)
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be significantly lower than global trade. Figure 6.5a and 5b illustrate exporters
and importers by country. There are 54 countries that only import mercury — these
are clearly visible in Figure 6.5a — and there are 2 countries that only export
mercury, Kyrgyzstan and Kazakhstan — visible in Figure 6.5b.

5. The minimum consumption of mercury by human endeavours can only be
approximated by this database - but not robustly. For example, during this 5 yr
period, the Netherlands exported 198 Mg per annum and imported 592 Mg yr.
It is unlikely that the Netherlands consumed the difference of 394 Mg yr! as they
only have 1 chlor-alkali plant (Table 6.1) and so their stock must have grown
during this period. Rather the data gives some idea of the main mercury dealers
globally, the average amount of trade per annum (the mass and value of mercury
moving around), the main mercury importers, the countries that must be engaged
in mercury trade but do not report it (e.g. Philippines), and puts some constraints
on the amount of mercury that could possibly be used for ASGM - i.e. it must
be significantly lower than global trade. Figure 6.5a and 5b illustrate exporters
and importers by country. There are 54 countries that only import mercury — these
are clearly visible in Figure 6.5a — and there are 2 countries that only export
mercury, Kyrgyzstan and Kazakhstan — visible in Figure 6.5b.

6. There is clearly a transfer of mercury from the developed countries and northern
hemisphere to less developed countries and southern hemisphere. Veiga et al.,
(2006) also discuss this trend. Because overall, industrial consumption of mercury
is dropping (Maxson, 2008a), consumption of mercury by ASGM is the most
logical explanation for the direction of this transfer.

7. The non-ASGM consumption of mercury for 2005 is estimated to be a minimum
of 2385 Mg yr!, and a maximum of 3365 Mg yr'! (Maxson, 2008a; P. Maxson,
Concorde Cons., Belgium, 2008, pers. Comm.). If the global trade data from
COMTRADE represents a minimum of 2970 Mg yr', and we assume that the
2005 data is a good average for the period 2002-2006 (reasonable), then that
suggests that the minimum amount of mercury available for ASGM ranges between
585 Mg yr! and negative 395 Mg yr! — hardly a satisfying result. Obviously
ASGM consumption is not zero and so perhaps the maximum non-ASGM
mercury consumption estimate of 3365 Mg yr! is too high. That leaves us with
a minimum ASGM consumption supported by official data of somewhere
between 100 (arbitrary non-zero value) and 585 Mg yr! with an average
minimum of 345 Mg yr' mercury consumed by ASGM. This is a hypothetical
minimum based on available but clearly incomplete official trade data — a starting
place. The real amount of mercury consumed by ASGM must be higher as becomes
clear when field data is considered — discussed below.

8. The price of mercury has risen sharply since 2003 from ~US$5.00/kg to the
current price in 2008 of US$18.33/kg, slightly down from a 2006 peak of around
~US$23.00/kg. That is, on average, a quadrupling of price. From 1975 until 2005,
the price of mercury and gold correlated well, but this relationship broke in 2007
when the price of gold sharply increased and the price of mercury actually decreased.
The increase in price of mercury to a peak in 2006 was likely a response to the
announcement of mercury mine closures and an expectation that supplies would
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be short (Maxson, pers. Comm.). Demand for mercury for ASGM and VCM
production in China (vinyl chloride monomer — a feedstock for polyvinyl chloride
plastics (PVC)) also likely contributed to supporting higher prices. VCM use of
mercury is large and growing (Maxson, 2008b).

9. There is a set of further observations that can be drawn from Table 6.1 as follows:

There are 28 countries with known ASGM sites that do not officially export
any gold: Azerbaijan, Benin, Botswana, Burundi, Cambodia, Cameroon,
Central Africa Republic, Chad, Dominican Republic, DRC, French Guiana,
Gambia, Indonesia, Iran, Ivory coast, Laos, Liberia, Malawi, Mauritania,
Nigeria, Oceania, Philippines, Rwanda, Sierra Leone, Suriname, Tajikistan,
Togo, Uzbekistan

There are 16 countries with known ASGM sites that do not officially record
any mercury or gold transactions whatsoever: Botswana, Burundi, Central
Africa Republic, Chad, Dominican Republic, DRC, Indonesia, Ivory coast, Laos,
Liberia, Nigeria, Oceania, Philippines, Rwanda, Sierra Leone, Tajikistan. Two
of these countries, Indonesia and the Philippines, are known to have very
large ASGM activities (see refs in Table 6.1).

There are 4 countries that only export gold: Belize, Guinea, Mongolia, Niger
There are 16 main mercury exporting countries (those who export more than
50 Mg yr!): Algeria, Czech Rep., France, Germany, Italy, Japan, Kyrgyzstan,
Malaysia, Netherlands, Peru, Russian Federation, Singapore, Spain, Switzerland,
United Kingdom, USA

Officially there are 54 countries that only import mercury (a total of 190 Mg yr'):
Albania, Armenia, Azerbaijan, Bahrain, Bangladesh, Barbados, Belarus, Benin,
Bolivia, Burkina Faso, Cameroon, China, Macao SAR, Costa Rica, Cote d’Ivoire,
Cuba, Cyprus, Dominica, El Salvador, Ethiopia, Faeroe Isds, Fiji, Gambia,
Ghana, Greece, Guatemala, Guyana, Hungary, Iceland, Jamaica, Jordan, Lebanon,
Lithuania, Malawi, Maldives, Malta, Mayotte, Mozambique, Namibia, Nepal,
New Caledonia, Nicaragua, Oman, Pakistan, Panama, Papua New Guinea,
Paraguay, Qatar, Senegal, Syria, Uganda, United Rep. of Tanzania, Uruguay,
Zambia, Zimbabwe.

In terms of countries that are potentially significant distributors of mercury
for use in ASGM, there are 13 countries with no or few mercury using
chloralkali plants that import significant amounts of mercury: Australia,
Azerbaijan, China, Hong Kong SAR, Guatemala, Guyana, Kenya, Malaysia,
Mexico, Singapore, South Africa, Syria, Thailand, Zimbabwe. Of these,
Mexico and Singapore are by far the largest, importing 221 and 138 Mg yr,
respectively.

There are 14 countries that import more than 50 Mg yr' of mercury: Brazil,
China, Colombia, France, Germany, India, Iran, Mexico, Netherlands, Peru,
Rep. of Korea, Singapore, Spain, USA

Estimates of ASGM mercury consumption is greater than official mercury
imports in 53 countries of the 70 known to have ASGM sites. The opposite is
true for the other 21 (imports>ASGM consumption) indicating that the official
imports of mercury to these countries is sufficient to meet ASGM demand.
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6.5.1 Using Gold Production to Estimate Mercury
Consumption in ASGM

Regarding the use of gold production to estimate ASGM consumption of mercury,
this also is controversial. There have been unofficial estimates by gold dealers
that ASGM gold production is around 150 Mg per annum. However, this is
very difficult to know because the gold market is unlike most other commodity
markets in that 80% of gold produced over the past 6000 years is still in existence
today and available to be traded — a total amount of approximately 135,000 Mg
(Schofield, 2007). Official gold production per annum is around 2500 Mg yr'!
(Schofield, 2007). So gold traded and gold produced officially by large scale mines
do not have to match up and this makes it very difficult to constrain the amount of
ASGM gold entering the market each year. This is particularly true because the vast
majority of gold trade is done on an unallocated basis meaning that it is held in a
vault in common with other gold and the customer has a general entitlement only.
Essentially this means that gold from many sources is mixed into one pool by
holding companies.

However, even if ASGM production were only 150 Mg per annum, considering
that a significant portion of that is estimated to be produced using whole ore
amalgamation (around 50%) which uses large amounts of mercury, then globally
with a Hg: Au ratio of at least 3:1, a production of 150 Mg of gold per annum would
imply 450 Mg yr! of mercury consumed in ASGM. This calculation is made as yet
another hypothetical minimum and to further support later arguments that mercury
consumption by the ASGM community must be significantly higher.

Others lines of evidence discussed in the MMSD (2002) and GMP (2007)
documents, as well as some earlier work (Veiga, 1997) that used patterns of produc-
tion per miner per region, suggest that global gold production by ASGM is much
higher — 400 to 600 Mg Au per annum. At this level, the consumption of mercury
must be near to 1000 Mg yr! as reflected in Table 6.1. In a reverse argument, if the
estimate of mercury consumption in Table 6.1 is reasonable, then global gold
production by ASGM must be about 1/3 of 1000 Mg = 350 Mg of gold/year, a value
in-between that of gold traders and MMSD estimates.

6.6 Knowledge Gaps about Mercury in ASGM

In order to evaluate the significance of mercury emitted from ASGM, and to enable
discussion about how best to reduce emissions, it is useful to elaborate the current
gaps in our understanding about it.

The fate of mercury in the environment released from ASGM remains poorly
understood. For example, of the portion emitted to the atmosphere, how much falls
out locally, and how much travels long distances and over what time scale has never
been adequately investigated and so remains poorly known. This is despite the fact



6 Mercury Emissions from Artisanal Gold Mining 159

that the long range transport of these emissions and subsequent deposition in other
countries is a key interest of the UNEP Mercury Program and other parties concerned
about global mercury pollution.

Further, what happens to the mercury emitted from ASGM following deposition
is also not well known as most of the high calibre research that has been done on
atmospheric mercury and its fate has been done in temperate or polar environments
whereas most ASGM occurs in the tropics where hydrology, soils and vegetation,
productivity, and rates of biogeochemical cycling are vastly different. The fate
of the mercury from ASGM that is directly discharged into water is equally poorly
known. How it is transported, how far it travels, how and where it becomes
methylated, and ultimately how much of it enters the local versus global fisheries
is poorly known.

In fact many of the general knowledge gaps about mercury that were highlighted
by the plenary panellists at the 8th ICMGP (International Conference on Mercury
as a Global Pollutant, “Mercury 2006) apply directly to mercury and gold mining.
Some of the relevant gaps identified at that congress are:

e Air-surface exchange

* Role of Halogens

e Trends in active pools

e Hydrology

e How to scale up

* The role of dissolved organic matter (DOM)

e Modelling challenges

e Inorganic mercury vs. Methyl mercury contamination in fish
e Mercury in aquaculture

For a variety of reasons, small scale mining is a good place to build this knowledge.
Perhaps even the best place as it would additionally bring needed resources, raise
awareness, and undoubtedly produce some innovative ideas. The current lack of
understanding about mercury in ASGM puts a limitation on the development
of innovative solutions towards prevention and remediation. Table 6.2 lists the
knowledge gaps highlighted by the plenary panellists at the 8th International
Congress on Mercury as a Global Pollutant (Mercury 2006 in Madison, Wisconsin)
and how they relate to ASGM as well as some additional important knowledge gaps
that were not highlighted. A large part of mercury emitted to the atmosphere from
ASGM has been thought to be deposited locally around gold shops and mining sites
where amalgam is burnt. Part of the argument used to support this idea, are halos
or “bulls eyes” around amalgamation burning centres. Using data from CETEM
(1992), Telmer et al. (2006), made some mass balances for soils around gold shops
in Alta Floresta, and found that the amount of mercury in the observed bulls eye
may be as low as 1% of that emitted, suggesting that in fact, mercury emitted to
the atmosphere is travelling long distances. This interpretation is supported by
measurements of mercury in the atmosphere made by airplane over the Amazon
Basin (Artaxo et al., 2000). They concluded that gold mining areas contribute 63%
of the total atmospheric Hg over the Amazon. Telmer et al. also speculate that
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factors such as atmospheric conditions at the site and time of amalgam burning
play an important role in controlling entry of mercury into the regional or global
atmospheric cycle. For example, if amalgam is burnt on a hot tropical afternoon
when the atmosphere is turbulent well mixed, the likelihood of mercury entering
higher levels of the atmosphere and being transported long distances will be greater
than if the amalgam is burnt in the evening or early morning, when the atmosphere
is less well mixed. It is also possible that mercury deposited locally at one time is
quickly desorbed and transported at another as the tropical atmosphere is very
energetic. As no firm scientific evidence has yet been provided to prove the distance
mercury emitted from amalgam burning travels (Veiga and Baker, 2004), clearly
more research on this topic is needed.

To illustrate this knowledge gap and others, Figure 6.1 shows examples of
mercury being emitted into the environment from ASGM (some tragic) and how
these relate to the identified knowledge gaps. Filling these gaps is required if we
are to understand the impacts and costs of mercury emissions from ASGM at local,
regional, and global scales.

6.6.1 River Siltation in ASGM

Another significant environmental impact caused by ASGM is river siltation. It is
mentioned here because it does have a direct and large impact on mercury transport.
Dredging and sluicing sediment and soils for gold extraction causes the discharge
of huge amounts of sediment into rivers, lakes and oceans. For example, small scale
mining is now the main source of sediment to Brazil’s Tapajos River which is
one of the Amazon’s largest tributaries and one of the world’s largest rivers (Telmer
et al., 2006b). The Tapajos is about twice the size of Europe’s largest river, the
Danube. In the tropics sediments are very fine because they are rich in clays and
amorphous oxides (mostly iron oxy-hydroxides). This is due to the nature of soil
formation in the tropics. When discharged into rivers, a significant portion of these
clay rich sediments remain in suspension indefinitely. Sediment discharged
from ASGM is consequently transported hundreds to thousands of kilometers
downstream and into the ocean.

These sediment discharges have severe environmental impacts. The increases in
suspended sediment reduce the penetration of light into waters and change the
nutrient supply. This drastically alters the natural habitat (Costa, et al., 2008):

* Biological productivity and diversity is reduced
 Shifts in species composition are extreme

However this also directly relates to mercury. The process of soil formation
naturally concentrates and sequesters mercury. Soils around gold mining areas are
both naturally rich in mercury (Jonasson and Boyle, 1972) and receive mercury
released from amalgam burning.
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The erosion of soils by mining releases mercury accumulated during soil formation
into water bodies at hugely accelerated rates (Telmer et al., 2006) where it likely
becomes available to be methylated and bioaccumulated in downstream floodplains.
Forest clearing in the Amazon is also thought to contribute to this process (Roulet
et al., 1998). Therefore mercury released into water bodies by soil erosion represents
a large anthropogenic source of mercury into waters. The amount of mercury released
by this process includes that added by miners but also the mercury that was naturally
accumulated in the soils. In some cases, the latter can be the larger number.

6.7 Reducing Mercury use in ASGM

The amount of mercury consumed by artisanal small scale gold mining (ASGM)
depends on three main factors: (i) the type of ore being mined; (ii) the technique
used to process the ore; and (iii) the technique used to process amalgam to produce
gold. To varying degrees, these factors are interdependent.

6.7.1 Reducing Emissions

In a few cases, mercury consumption has been significantly reduced through the
use of fume hoods, retorts, and by re-activating dirty mercury. In Brazil and Indonesia,
simple fume hoods have been adapted by some gold shops that trap about 90% of
former atmospheric emissions (Sousa and Veiga, 2007; Agrawal, 2007; Chouinard,
2007, Argonne National Laboratory, 2008). The fume hoods in Indonesia are very
cheap ($US35) and allow gold shop owners to recover and re-sell mercury, thereby
recycling it and greatly reducing overall mercury consumption (Agrawal, 2007).
They need to recover only 1kg of mercury in order to recover the cost of buying a
fume hood. Brazilian efforts in collaboration with the USEPA, are producing similar
results (Argonne National Laboratory, 2008). The USEPA led efforts have produced
a detailed accounting of the functioning and efficiency of fume hoods constructed
in some of the Brazilian Amazon gold mining communities.

As well, importantly, additional reductions in mercury consumption are occurring
by teaching simple mercury re-activation and cleaning methods (Pantoja and Alvarez,
2000; R. Wuerker pers. comm., 2007). Using these methods, so called “dirty mercury”
is never discarded and this reduces overall consumption and contamination. Pantoja
and Alvarez (2000) use a simple electrochemical cell to operated with a 12 volt
battery to reduce oxidized mercury to its elemental form. Ralph Wuerker is an
astronomer with experience running liquid mercury telescopes which suffer surface
oxidation that occasionally needs to be removed. The astronomers (as well as many
chemists studying electrochemistry with mercury drop electrodes) simply pass the liquid
mercury through a coffee filter to clean it. It is also worth mentioning that retorting
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mercury (evaporating and then condensing it) produces relatively clean mercury
that is able to effectively amalgamate gold. For example, the gold shop owners who
operate fume hoods in Kalimantan, sell their recovered mercury with no further
cleaning procedure for direct use in mining and this is accepted by the miners.

Retorts also significantly reduce mercury consumption by facilitating mercury
recycling. Rickford Vieira, a key person involved with the World Wildlife Fund’s
efforts to combat environmental degradation due to small scale mining in the
Guyanas and Suriname has stated that overall mercury consumption has been
reduced to 1:1 by use of retorts. UNIDO’s Global Mercury Project, as well as other
intervention efforts, have also introduced retorts in an effort to reduce mercury
releases to the atmosphere. Although, even with a reduction of 90%, the levels of
mercury released by ASGM are still quite unacceptable by modern environmental
laws, such a reduction represents a vast improvement from the status quo.

Capturing direct emissions to the atmosphere is a positive development, but in
order to have a more significant impact on mercury consumption in ASGM, the
practice of whole ore amalgamation must be eliminated or reduced. That is because
whole ore amalgamation is (i) the least efficient way to use mercury and so causes
the greatest losses; and (ii) is likely to grow as the exploitation of colluvial and
bedrock ores becomes more common — these types of ores are the ones that are wholly
amalgamated. Eliminating whole ore amalgamation is a much more complicated
endeavour than capturing direct mercury emissions to the atmosphere with fume
hood and retorts. Most concepts about how to eliminate it involve: (i) introducing
efficient processing which involves increasing the sophistication of the processing
technology; (ii) increasing initial capital investment; and (iii) increasing the organi-
sation of the labour pool — all big challenges for poor and transient communities that
reside at the margins of legal society. However, if these steps can be accomplished,
it is possible that more gold can be captured, or less mercury would be consumed,
both of which would have monetary value to the miners and so there potentially are
underlying economic incentives for such change. It is also important to mention
that an increased mercury price, perhaps driven by legally binding export bans from
the big exporters such as the European Union and the United States, would likely
induce miners to use less mercury in order to reduce costs. Simply put, as the price
of mercury rises, the economic feasibility of whole ore amalgamation is reduced.

In order to conceptualise possible reductions in mercury use in ASGM, it is useful
to break down the possible approaches as follows:

1. We estimate that if fume hoods and retorts are adopted by any singular ASGM site,
immediate emissions to the atmosphere can be reasonably reduced by 90% — less
for operations that use cyanide. So where 1 g of mercury was emitted to the atmos-
phere for every g of gold produced, then only 0.1 g of mercury would be emitted.

2. If mercury re-activation or cleaning methods were adopted for any singular
operation, then mercury consumption would be reduced by 50%. So where 2 g of
mercury were used to capture 1 g of gold, only 1 g of mercury would be used.

3. If an operation is able to stop amalgamating the whole ore, then mercury con-
sumption can be reduced by 90%. So where 10 g of mercury were used to capture
1 g of gold, only 1 g of mercury would be used.
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Overall, if 50% of ASGM mercury use (50% of 1000 = 500 Mg yr!) is consumed
through the amalgamation of concentrate (2:1 Hg: Au ratio — this includes losses
incurred when dirty mercury is disposed); and 50% (50% of 1000 = 500 Mg yr')
is consumed through whole ore amalgamation (5:1 Hg: Au ratio — this is an average
based on a mix processing with copper plates and milling with mercury in the grinding
circuit), and for every unit of gold produced a unit of mercury is directly emitted to
the atmosphere then, (i) 350 Mg of gold are produced by ASGM each year; (ii) 350
Mg of mercury consumed by ASGM are directly emitted to the atmosphere (35%
of total mercury consumption), (iii) 250 Mg yr' of mercury (25%) are discarded
because the mercury is dirty, and (iv) 400 Mg yr! (40%) are lost directly to tailings
during whole ore amalgamation. Of these latter two (25% + 40% = 65%), some
portion would be latently emitted to the atmosphere from tailings and waters, and
some portion would remain in the hydrosphere. The rate of latent emission is
unknown but is particularly high where mercury is used in combination with cyanide
processing. Considering the growth in ASGM, the growth in the use of cyanide in
ASGM, and the growth in the production of mercury contaminated waste from ASGM
(multi-year accumulation of tailings), latent emissions conservatively amount to at
least 50 Mg yr! bringing the total emission of mercury to the atmosphere from
ASGM to 400 Mg yr'. Under such a scenario, then adoption of #1 (emission control
that captures 90% of emissions) could reduce mercury consumption globally by a
maximum of 0.9%35% = 31.5% or more with better emission capturing technology;
adoption of #2 (mercury re-activation or cleaning) could reduce mercury consumption
by a maximum 25%; and adoption of #3 (elimination of whole ore amalgamation)
could reduce mercury consumption by 0.9%40% = 36%. The latter assumes that 10%
of mercury used to amalgamate gravity concentrates (rather than whole ore) will still
be lost to tailings. Also, note that the estimated reduction for emission control includes
capturing 90% of the emissions caused by the burning of amalgam produced at
whole ore amalgamation operations —i.e. 100% of ASGM sites. If all three of these
approaches were adopted universally, mercury consumption by ASGM globally
could be reduced by 96% (from 1000 to 40 Mg yr'), emissions to the atmosphere
could be reduced by 90% (from 350 to 35 Mg yr'), and losses to tailings, rivers,
lakes and soils, could be reduced by 99.2% (from 650 to 5 Mg yr'').

To put this further into perspective, if the top 10 countries using mercury in
ASGM minus China, which are: Indonesia, Colombia, Brazil, Peru, Philippines,
Zimbabwe, Ecuador, Guyana, Venezuela, and Mongolia, that together emit around
400 Mg mercury per annum, were to adopt emissions control measures (fume hoods
and retorts, #1), and learn how to clean mercury (#2) then roughly 240 Mg less
mercury per annum would be consumed. If China is included, the reduction in
mercury consumption would increase to 500 Mg of mercury per annum. China is
separated to highlight its importance. Considering that these two approaches are
vastly simpler than #3 - elimination of whole ore amalgamation - and have been
effectively demonstrated to be profitable for miners, their adoption by mining
communities should be relatively simple and successful — perhaps even quick if
governments cooperate. The elimination of whole ore amalgamation must also
remain a focus, as the current trend is that this practice is increasing. We suggest that
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by working towards the three approaches above, it is reasonable to expect a 50%
reduction in mercury use in ASGM globally on a time scale of perhaps 10 years.

6.8 Conclusions

In summary, the impacts of mercury use in artisanal and small scale gold mining
(ASGM) are as follows:

e 400 Mg yr' of mercury per annum are volatilized to the atmosphere (350 directly;
50 through latent emissions).

e 650 Mg yr! are discharged into rivers, lakes, floodplains, soils, and tailings (50
Mg yr! of these are volatilized to the atmosphere).

e Global food chain contamination is likely to be occurring through long range
atmospheric transport, deposition, and accumulation in global fisheries - global
ecosystem damage is likely to be occurring

e Severe occupational hazards occur — mercury vapour

* Intense local food chain contamination is occurring

* Intense local ecosystem damage is occurring

e Neurological damage to people and animals is occurring

» Tens of thousands of polluted sites have been created that are long-term (centuries)
health hazards to populations and ecosystems

e Overall the emissions of mercury from ASGM are leading to decreased capacity
for innovation and prosperity for people at local regional and global levels — societal
regression

The most significant environmental issues are: (i) mercury emissions to the
atmosphere, transport of these emissions locally, regionally and globally, and
ultimately leading to aquatic food chain contamination and human health impacts
through fish consumption; (ii) health impacts through direct mercury vapour
exposure, (iii) release of mercury into aquatic systems and the consequential
development of mercury hotspots that last for centuries, and (iv) land-degradation
and river siltation and the associated deforestation, loss of organic soil, modification
of hydrologic regimes and loss of aquatic habitat.

Finding a resolution to mercury use in ASGM is complicated by the characteristics
of the informal gold mining sector including that ASGM remains illegal in many of
the areas where it operates; ASGM communities are remote and have a transient
nature; miners move quickly when better gold areas are found; different mine types
and gold purifying methods are used in different regions; and the general lack of
communication within and between artisanal miners and society and government
authorities. An approach that links field knowledge, a field presence, and community
economic considerations with international stakeholders may have a chance at
success where other efforts have failed. A key to this approach is building a reliable
knowledgebase about ASGM communities, particularly how and why they operate as
they do, and the economic drivers behind these operations. A good knowledge base
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is the required backbone to formulate solutions to the problems associated with
mercury and ASGM.

One important function of this knowledgebase is to enable the determination of
the financial implications that proposed changes in practice will cause. These are
an important primary criterion for finding sustainable solutions. At the global level,
the database on ASGM remains poor. How many people are mining, how much
gold they are producing, how much mercury they use, what happens to the mercury,
and how much habitat (land and water) has been impacted remains poorly known?
Here, in recognition of the importance of good information in bringing the issue
into focus and finding solutions, we have used the available data to make a first
estimate of these quantities, and to point out the knowledge gaps surrounding
mercury use in ASGM. We welcome any inputs that will improve the database or
innovations that can contribute to solutions.
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Chapter 7
Mercury Emissions from Natural Processes
and their Importance in the Global Mercury Cycle

Robert P. Mason

Summary The emission to the atmosphere of mercury (Hg) via natural processes
constitutes an important part of the global Hg input and is a dominant part of the
global mercury cycle. However, while there is an ongoing and continued effort
to quantify these fluxes, the magnitude of their extent is still relatively poorly
constrained. It must be emphasized that while the fluxes discussed in this chapter
are due to natural processes, they constitute Hg that has originated from different
sources, and because of the potential for deposited Hg to be re-emitted to the atmos-
phere from both the terrestrial and aquatic landscape, these fluxes include both
primary sources and secondary (recycled) Hg. Thus the emissions are due to: 1)
primary geogenic natural emissions (e.g. volcanoes); 2) recycled Hg from natural
sources; and 3) recycled Hg from point source anthropogenic emissions. Overall, it
is estimated that terrestrial inputs are 1850 Mg yr' while emission from the ocean
is 2680 Mg yr'. On an area basis, emissions from land are higher than from the
ocean. Forests constitute about 20% of these emissions, with total emissions from
vegetated regions being about 60% of the total terrestrial inputs. Geogenic sources
account for about 5% of current terrestrial inputs.

7.1 Introduction

The atmosphere is the most important pathway for the worldwide dispersion and
transport of Hg (Fitzgerald et al., 1998; Mason et al., 1994; Mason and Sheu, 2002).
Therefore, an understanding the global sources, speciation, fate and transport, and
atmospheric transformations of Hg is necessary to understand the importance of
emissions of Hg from natural and anthropogenic sources in contributing to methyl-
mercury (MeHg) production in aquatic systems, and to its bioaccumulation through
all levels of the food chain. Mercury is added to the atmosphere from both natural
and anthropogenic emissions and human activity and associated inputs to the bio-
sphere has substantially altered the global Hg cycle so that anthropogenic sources
now dominate the atmospheric inputs (Fitzgerald et al., 1998; Lamborg et al., 2002;
Mason and Sheu, 2002). While emissions of Hg are in the form of elemental Hg
(Hg", and gaseous and particulate ionic Hg (Hg™), most of the Hg in the atmosphere
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is Hg® (typically >95% of the total), and most of the “natural” sources of Hg to the
atmosphere are Hg’, although there is a small signal due to inputs of particulate-
associated Hg (Hg(p)) (e.g., volcanoes, dust). In the atmosphere, Hg® is relatively
uncreative with an average atmospheric residence time of 0.5-1 year. In addition to
Hg®, two other atmospheric Hg fractions have been operationally defined based on
physicochemical properties and current methods of measurement - the gaseous
ionic Hg™ fraction, termed reactive gaseous Hg (RGM), and Hg(p) (Landis et al.,
2002; Lindberg and Stratton, 1998; Mason and Sheu, 2002; Sheu and Mason,
2001). The speciation of RGM is not known in detail but based on laboratory stud-
ies and the methods of its collection, it is assumed to consist of gaseous neutral
Hg™ complexes, such as HgCl,, HgBr,, and HgOBr (Ariya et al., 2002; Balabanov
and Peterson, 2003).

Concentrations of Hg® in the remote atmosphere range from around 1-2.5 ng m3,
with higher concentrations present in impacted regions (see Chapter 9). Also, Hg®
is relatively insoluble (49.4 x 10 g L'! at 20°C) and its major loss pathway from
the atmosphere is through oxidation and subsequent removal by wet and dry depo-
sition. As most water bodies are typically saturated with Hg® relative to the atmos-
phere, and the Henry’s Law coefficient for Hg® (1.37 x 10 mol m™ Pa! at 20°C) is
relatively high, net dry deposition of Hg® to water is not an important removal
mechanism. However, there is evidence for the uptake of Hg® by vegetation (Gustin
and Lindberg, 2005; Rea et al., 2001). While global Hg models have identified wet
and dry deposition, and evasion of dissolved gaseous Hg (DGM; principally Hg?)
from the ocean, as critical pathways for global Hg exchange at the Earth’s surface
(Hudson et al., 1994; Lamborg et al., 2002; Mason et al., 1994; Sunderland and
Mason, 2007), emission of Hg® from terrestrial sources has not been as closely
examined. A number of recent studies have examined the flux of Hg? from plants,
and the uptake of Hg® by plants, and have quantified the net exchange of Hg® within
some terrestrial ecosystems. These results suggest that these fluxes are substantial
and therefore potential inputs from such “natural” processes to the atmosphere can-
not be ignored, and need to be examined in more detail.

In the context of this chapter, the word “natural” will be used to refer to the input
of Hg to the atmosphere from natural processes (e.g. evasion from the ocean, soils,
and plants due to natural phenomena), even if these exchanges represent a mixed
source contribution — for example, emissions are due both to the presence of back-
ground (pre-industrial) Hg and from Hg added to the environment in the last cen-
turies due to human-related emissions. In addition, even in the pre-industrial world,
these natural emissions had two components — inputs of primary (geogenic) Hg
from sources such as volcanoes, and recycling of this deposited Hg from the oceans
and terrestrial environment. Thus, there was substantial recycling of Hg at the
Earth’s surface even in pre-industrial times. Finally, given that Hg is not homogene-
ously distributed in the surface soils and rocks, there will be regional and local
differences in emissions that it related to homogeneity in the terrestrial material
(Mason and Sheu, 2002; Rasmussen et al., 2005). Thus, as recorded in some
historical archives (Schuster et al., 2002), there has not been a constant global input
of Hg from these natural processes over time.



7 Mercury Emissions from Natural Processes 175

This chapter, while focused on emissions from natural processes, will not
specifically focus on the emissions that have been directly exacerbated by human
activity, such as emission from biomass burning, from mine waste sites and other
anthropogenic area sources (Mason and Sheu, 2002). Therefore, for example, given
that much of the biomass burning that currently occurs globally is human-induced,
this flux will not be specifically dealt with in this chapter, and is covered in another
section of the report. Finally, in terms of the evasion of Hg® from plants, there is
increasing evidence that this is a bi-directional exchange and that there is both
uptake of Hg® via stomatal exchange and other processes, and also evasion of Hg’
from plants, and that the extent and direction of net exchange is a function of tem-
perature, season, solar radiation, surface wetness and other factors (Gustin and
Lindberg, 2005). Furthermore, for a system such as a forest, there is exchange due
to the plants as well as evasion of Hg from the forest floor. All these different
sources need to be considered and will be discussed in this chapter. However, over-
all it is the net evasion that is of importance and the major goal of this chapter is
therefore to provide estimates for the net exchange of Hg® for each biomass type
and for aquatic systems. Finally, the chapter is focused on natural processes that
lead to the net evasion of Hg® and does not discuss in any detail the processes that
may lead to deposition of Hg in forms other than Hg? (e.g. dry deposition of RGM,
for example). Thus, the estimates will be specifically characterized as described in
this section.

While most of the emissions discussed in this chapter are areal fluxes rather than
point source inputs, there is one source, inputs from volcanic and related activity,
that is natural and that can be considered a primary point source input. A number
of early studies proposed a wide range of estimates for this flux (Fitzgerald et al.,
1998; Mason et al., 1994; Nriagu, 1989) and since then there have been few detailed
studies of these potential sources. However, recent papers have re-examined the
information available on geogenic emissions and a more constrained range in val-
ues has been quoted in the recent literature (Ferrara, 2000b; Fitzgerald, 2003;
Mather, 2004; Nriagu, 2003). In terms of emissions from other terrestrial sources,
there is still much debate and these fluxes are not well constrained, as detailed more
below (Gustin and Lindberg, 2005; Gustin et al., 2000; Rasmussen et al., 2005).

The processes controlling the evasion of Hg from the terrestrial environment are
an area of on-going research and the dynamic nature of this exchange between the
terrestrial environment and the atmosphere has only recently been appreciated. The
most important processes are depicted in Figure 7.1 for a forested environment, and
the exchange processes will be similar for other types of vegetation (Bash et al.,
2007; St Louis et al., 2001). Deposition of Hg to the Earth’s surface can occur in a
number of forms and these vary both spatially and temporally, making overall esti-
mation of the magnitude of the fluxes difficult (Mason and Sheu, 2002). Overall,
there is little data on which to base such estimates, and the data is also concentrated
in Northern Hemispheric temperate and polar regions, and thus estimates in the
literature that are made for some environments and locations have required
extrapolation based on data from other ecosystems. Wet deposition of Hg con-
tains both dissolved Hg, derived from scavenging of RGM from the atmosphere
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Figure 7.1 Schematic representation of the major processes involved in the exchange of mercury
between the terrestrial environment and the atmosphere. Modified from (St Louis et al., 2001)

by rain droplets, and from formation of Hg'™ species in cloud droplets via atmos-
pheric reactions. Particulate Hg is also scavenged into precipitation and some of the
Hg associated with the Hg(p) fraction will be solubilized into the liquid phase. Dry
deposition of both RGM and Hg® can also occur. The dry deposition of RGM is
very efficient as the compounds that constitute this fraction are very soluble and reac-
tive. Elemental Hg can also be deposited to the terrestrial environment via uptake into
the substrate and into living biomass. It has been shown in a number of recent studies
that Hg® can be taken up via vegetation, most likely through gas exchange across the
stomata of the plants (Bash et al., 2007; Gustin and Lindberg, 2005). A number of
studies suggest that the Hg found in litterfall is primarily associated with direct uptake
from the atmosphere as apposed to translocation of Hg through the plant from the soil
(Ericksen and Gustin, 2004; Ericksen et al., 2003). It appears that Hg can be taken up
into roots but that, because of its strong binding capacity to organic ligands, and par-
ticularly to those with thiol groups, it is not transported to a large extent with the
movement of water through the plant (evapotranspiration).

There is the potential for both RGM and Hg(p) to be deposited on surfaces such
as the forest canopy, and this Hg can be subsequently washed off by wet deposition,
and therefore deposited to the terrestrial surface. Such processing is the probable
source of the enhanced Hg concentration in throughfall relative to wet deposition.
A number of studies have examined the relative concentrations and found that
throughfall concentrations are 1-2 times those of wet deposition (Lawson and
Mason, 2001; Rea et al., 1996). This difference therefore suggests that dry deposi-
tion of Hg, likely as RGM and as Hg(p) can be an important process and can rival
the input of Hg from wet deposition in some locations.

One important aspect of the cycling of mercury at the Earth’s surface is the process
of Hg’ oxidation in the atmosphere and mercury depletion events in the polar
regions that coincide with ozone depletion during “polar sunrise” (so-called MDE’s)
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(Ebinghaus et al., 2002; Lindberg et al., 2002; Schroeder et al., 1998). While these
occurrences lead to an enhanced deposition of Hg to the icepack, it has been shown
that this deposited Hg is rapidly reduced and re-emitted to the atmosphere (Ariya
et al., 2004; Lalonde et al., 2002; Mason and Sheu, 2002; Poulain et al., 2004). This
evasion is estimated to be on the order of 200 Mg yr! (Ariya et al., 2004; Mason
and Sheu, 2002) and is therefore a significant evasion flux

Evasion of Hg® from the ocean is thought to be an important part of the global
Hg cycle, and the magnitude of the oceanic evasion is of similar magnitude to the
input from anthropogenic point sources (Mason and Sheu, 2002). Measurements of
volatile Hg are often reported as DGM and there are two important volatile species
— Hg" and dimethylmercury (Me,Hg). While Me, Hg has been quantified in ocean
waters (Cossa et al., 1997; Kim and Fitzgerald, 1988; Lamborg, 1999; Mason et al.,
1998; Mason and Sullivan, 1999), in most freshwaters examined and in the surface
ocean, DGM is essentially equivalent to Hg®. For the ocean, studies have focused
on air-sea exchange in the Atlantic waters (Cossa et al., 1997; Gardfeldt, 2003; Kim
and Fitzgerald, 1988; Lamborg, 1999; Mason et al., 1998; Mason and Sullivan,
1999), Pacific (Kim and Fitzgerald, 1988; Mason and Fitzgerald, 1993), the coastal
regions (Baeyens and Leermakers, 1998; Mason et al., 1999) and the Mediterranean
(Andersson, 2007; Ferrara, 2000a; Ferrara, 2003; Gardfeldt, 2003). Some studies
have suggested that the estimated evasion rates for Hg from the ocean substantially
exceed the current wet plus particulate dry deposition estimates and riverine inputs,
suggesting another potential source for upper ocean Hg. While one potential reason
for this lack of balance is the relative paucity (both temporally and spatially) of
DGM data for the ocean and thus its potential unrepresentative nature, it has
recently been hypothesized that there is a substantial input of Hg to the ocean via
dry deposition of RGM (Mason and Sheu, 2002) and through its scavenging by salt
particles and subsequent deposition (Selin, 2007; Strode, 2007).

Mercury in surface waters also exists in two oxidation states, Hg’, as a dissolved
gas, and Hg™. The ionic Hg exists both in the dissolved phase and attached to
particulate matter, both living (phytoplankton, zooplankton) and detritus. In addi-
tion, in most surface waters, a small fraction of the total Hg is MeHg™, which also
can be dissolved or particulate-associated (Mason and Benoit, 2003). The reactions
leading to the transformation of Hg between the two oxidation states in surface
waters can be both abiotically and biotically mediated, with the abiotic processes
being mostly photo chemically driven. The reduction of Hg™ to Hg® occurs in sur-
face waters under a variety of conditions and recent studies, in both freshwater and
saline waters, have provided evidence to suggest that, in most situations, while
there is net Hg formation, there is also Hg® oxidation occurring (Amyot et al.,
1997; Lalonde et al., 2001; Mason et al., 2001; Whalin et al., 2007). A number of
studies have also shown that Hg™ reduction occurs in the presence of algae and
bacteria (e.g. (Lanzillotta et al., 2004; Mason et al., 1995). The reduction of Hg™
in the presence of organic matter has been shown by others (Costa and Liss, 2000).
It has been suggested that the reduction of Hg™ may occur through charge transfer
reactions involving Hg-DOC complexes but organic matter complexation can also
lead to a decrease in Hg"V reduction (Rolfhus and Fitzgerald, 2001). Overall,
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however, higher DOC concentration is one factor that likely controls the overall
lower concentrations and rates of Hg® evasion from coastal and estuarine environ-
ments compared to the open ocean. The potential for photochemical processes to
dominate the reduction of Hg™ is demonstrated by studies that have examined the
short-term changes in Hg? concentration and have shown a diurnal cycle linked to
photo synthetically active radiation (e.g. Amyot et al., 1997; (Amyot et al., 1994;
Lanzillotta et al., 2002).

7.2 Estimates of Oceanic Evasion

A number of modeling papers have recently focused on the estimation of the eva-
sion of Hg® from the ocean to the atmosphere (Mason and Sheu, 2002; Selin et al.,
2008; Strode, 2007; Sunderland and Mason, 2007) and as these papers have
reviewed and examined the available literature, they provide a reasonable summary
and consensus for this report. Such data have been used to extrapolate fluxes to the
global scale. While the process of Hg? oxidation in surface waters (Lalonde et al.,
2001; Mason et al., 2001; Whalin and Mason, 2006) is a potential removal mecha-
nism for surface water Hg’, the flux estimates are based on the actual measurements
of Hg®, and as recent sample collections have been in the top meters of the ocean,
these represent the steady state Hg® concentration that results from both oxidation
and reduction processes. The flux estimates from a number of sources, as well as
the measured concentrations of dissolved Hg and DGM for a number of ocean
basins, was recently summarized by (Sunderland and Mason, 2007) and presented
here in Table 7.1. It is likely that evasion rates are lower in winter, as suggested by
the model developed for the far North Atlantic ((Mason et al., 1998), and the global
model of Strode et al. (2007), although there is little open ocean data to support this
notion. For coastal environments, there is evidence for a lower flux in winter com-
pared to summer, which again suggests that there is seasonality in the fluxes
(Baeyens and Leemakers, 1998; Rolfhus and Fitzgerald, 2001).

The data in Table 7.1 show that there is variability across ocean basins in both
the concentration of Hg and Hg®, with the Atlantic Ocean and Mediterranean Sea
having overall higher concentrations than the Pacific and Indian Oceans. Such
differences make sense in terms of the historical inputs of Hg to the atmosphere,
which were previously highest for North America and Europe, and which therefore
impacted the North Atlantic and Mediterranean more than the other ocean basins
(Pacyna, 2006; Pirrone et al., 1996). There is also a clear difference in the concen-
tration of Hg in the North versus the South Atlantic (Laurier et al., 2004) which is
also likely a reflection of historic Hg inputs to the atmosphere. More recently,
enhanced inputs to the North Pacific, due to increased industrialization in Asia and
associated Hg emissions, have been occurring (Selin et al., 2008) but given the
basin size, and the timing of these inputs (Pacyna, 2006), the ocean water concen-
trations have not yet changed substantially to reflect these increased inputs.
Modeling of (Sunderland and Mason, 2007) suggests that the surface North Pacific
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Table 7.1 Observed seawater Hg data (mean + stdev) and estimated evasion fluxes as reported in
the literature. Adapted from (Sunderland 2007) and (Mason 2005)

Total Hg Hg" Evasion
Ocean Basin (pM) (M) (nmol/m?/day) Notes
North Atlantic 24x1.6 0.4+0.3 1.9+13 1,
1.6 04 0.15 2,4,
2.1 +£0.6 3
South and 1.7+0.7 1.2+0.8 0.32 5,8,
Equatorial 2.9 x1.7 0.08 -0.16 0.11 9.6 6,7,9,
Atlantic 8
Mediterranean 22+04 02+0.1 0.14 10, 12, 13
25+1.3 0.08 - 0.2 0.23-0.48 8, 11, 13,
1.5+04 0.28 —0.94 8, 12
North Pacific 0.6+0.3 0.06 = 0.03 0.9=+0.1 14, 15
South & Equatorial 1-2 0.1 £0.07 0.3+0.3 4,14, 15, 17,
Pacific 0.04-0.3 0.40 4,17
0.06 - 0.1
Antarctic 0.7-1.1 no data no data 16
Coastal Watersl 5-25 0.02-0.65 0.13-0.4 18,19, 20
References

1. Profile averages for samples taken between 50-70°N from (Mason, Rolfhus et al. 1998)
2. North Atlantic Surface Water flowing into the Mediterranean Sea measured by (Cossa,
Martin et al. 1997)

3. European continental shelf margin from (Cossa 2004)
4. (Mason and Fitzgerald 1991; Mason and Fitzgerald 1993)
5. Subsurface water from the South and Equatorial Atlantic from (Mason and Sullivan 1999)
6. Surface water samples from the South and Equatorial Atlantic from (Mason and Sullivan 1999)
7. (Mason, Lawson et al. 2001)
8. (Gardfeldt 2003)
9. (Lamborg 1999)

10. Seawater exiting the Strait of Gibraltar from (Cossa, Martin et al. 1997)

11. Western Mediterranean, (Cossa, Martin et al. 1997)

12. (Horvat 2003)

13. (Ferrara 2006)

14. (Laurier 2003)

15. (Laurier, Mason et al. 2004)

16. (Dalziel 1995); (Laurier, Mason et al. 2004) and (Mason and Sullivan 1999)

17. (Kim and Fitzgerald 1986)

18. (Mason, Lawson et al. 1999; Mason 2005; Whalin 2007)

19. (Rolfhus and Fitzgerald 2001)

20. (Baeyens and Leermakers 1998)

Ocean waters will take decades rather than years to respond to these documented
changes in anthropogenic atmospheric inputs and will achieve a steady state given
current levels of Hg input. modeled responses at present levels of atmospheric
deposition indicate concentrations will rise substantially in the immediate future
until a new steady state concentration is achieved.

Overall, these modeling studies support the notion that spatial differences in the
inputs of Hg to the atmosphere are reflected in ocean water concentrations and
provide further justification to support the data of the limited field studies (Sunderland
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and Mason, 2007). Finally, while total Hg concentrations are higher in estuarine
and coastal waters, fluxes of Hg® are lower as the Hg in these waters is more
strongly complexed to organic matter and the water quality allows for less light
penetration, which both decrease the overall rate of net Hg reduction in these
waters, as discussed above (Whalin et al., 2007). Mason and Sheu (2002) have
previously estimated the flux of Hg from the ocean as 2600 Mg yr'!, by constraining
the values from the field studies, through accounting for possible seasonal and lati-
tudinal differences. Recent data (Laurier and Mason, 2007; Laurier, 2003) and
modeling (Strode, 2007; Sunderland and Mason, 2007) does not contradict this
estimate. The model evaluation of (Sunderland and Mason, 2007) supports the
magnitude of this estimate, although there is the potential that the value may be
either higher or lower. In generating the range in possible concentrations and
fluxes, (Sunderland and Mason, 2007) used Monte Carlo simulations of their 16
box ocean model, and different estimates of atmospheric inputs to constrain and
examine the potential variability in the fluxes. The estimated average values, and
the ranges for each ocean basin, are shown in Table 7.2. As can be seen, there is
variability in all of the estimates of almost an order of magnitude in some cases and
the fluxes for the different ocean basins reflect both the differences in their concen-
tration and the differences in their overall area.

The minimum estimate for the evasion of about 800 Mg yr' is lower than most
estimates that are in the literature, but equivalent to that of (Lamborg et al., 2002).
The average value is consistent with most other estimates of 2000-2800 Mg yr!
(Bergan et al., 1999; Mason and Sheu, 2002; Seigneur, 2004; Selin, 2007; Shia
et al., 1999). The upper bound is comparable with the recent modeling estimates of
(Selin et al., 2008) (5000 Mg yr'). Therefore, it appears that the estimates are
within the range and confidence intervals of the results of a number of box and
numerical modeling studies, and with empirical estimates. As noted above, these
fluxes are comparable to the estimates of Hg inputs to the atmosphere from point
source anthropogenic emissions.

Table 7.2 Ranges (90% confidence intervals) in the estimated fluxes from the ocean to the
atmosphere for the various ocean basins. Adapted from (Hedgecock et al., 2006; Mason and Sheu,
2002; Sunderland and Mason, 2007). Note that the ranges are not simply additive as they are
simulated from individual probability distributions

Basin Latitude Range Area (x 10" m?)  Flux (Mmol yr™)
North Atlantic >55°N 0.20 120(40 — 220)
Surface Atlantic 35°S - 55°N 0.62 640( 160 — 1300)
Intermediate Atlantic 65°S — 35°S 0.20 80 (20 - 160)
Surface Mediterranean 30 - 35°N 0.025 70 (8 —80)

North Pacific >30°N 0.27 200 (80 — 360)
Surface Pacific & Indian 40°S - 30°N 1.48 1280 (380 — 2600)
Intermediate Pacific & Indian 65°S — 40°S 0.50 220 (60 — 440)
Surface Antarctic >65°S 0.12 12 (4 -22)
Coastal Waters 10% of total area 0.035 60 (30 — 100)

Total 3.45 2682 (782 — 5282)
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7.2 Estimates of Net Terrestrial Evasion

As noted above, the discussions and estimates that will be included in this section
refer to the exchange of Hg® and therefore include uptake of Hg® by vegetation as
well as loss of Hg® to the atmosphere from vegetation. It appears that the exchange
of Hg® with vegetation can be bi-directional and the notion that the direction of
exchange is related to the atmospheric Hg? concentration has been discussed in
terms of a ‘“compensation point” (Gustin, 2003; Gustin and Lindberg, 2005;
Lindberg, 1996; Lindberg et al., 1998a), which is defined as the minimum concen-
tration in the atmosphere which will result in a release of Hg from a particular
vegetation type. The value is not the same for all plants. When reviewing the literature
it became apparent that the approach and experimental design in most cases was not
sufficient to truly examine both uptake and emission simultaneously, but there is
evidence that this must occur, and may depend on the time of day, presence of solar
radiation, temperature and atmospheric concentrations. The evidence for uptake of
Hg’ by plant leaves is mostly derived from measurements of the concentration of Hg
in leaves, and demonstration that the concentration increases over a growing season,
and that transport of Hg from soils through the roots and stems cannot account for
this accumulation (e.g. (Frescholtz et al., 2003; Gustin and Lindberg, 2005; Miller
et al., 2005; Rea et al., 2002). Similarly, air concentrations of Hg’, and other param-
eters, also impact the evasion of Hg® from soils and other substrates.

Additionally, in most studies, the estimates that are used to constrain the fluxes or
are used to provide estimates of fluxes are either derived from short-term or small
scale (mesocosm) experiments, or from the use of sampling devices, such as flux
chambers, that can have some impact on the measurement being made e.g. flux
chambers interfere with air flow at the surface. Also, there is always the potential for
artifacts in such studies and while such problems have mostly been examined and are
accounted for in the calculations, there is always a need for caution, as demonstrated
by the recent finding of problems associated with the use of eco-chambers for Hg
flux studies at low concentrations (Stamenkovic and Gustin, 2007). Alternatively, the
flux estimates are derived indirectly, such as from the use of litterfall as a measure of
the uptake of Hg® by plant leaves. Again, there is the potential that Hg may enter the
leaf from other processes and it is likely that such a measure provides an over-estimate
of the actual uptake. Again, these results need to be scaled to annual fluxes when, for
example, in temperate and polar regions, many trees are deciduous and lose their
leaves over winter. Also, the presence or absence of a canopy can alter the soil flux
in such situations. Thus, there is the need for some caution in extrapolating from
these results to regional or global scales. A number of papers have reviewed the
older literature (Gustin and Lindberg, 2005; Gustin and Lindberg, 2000; Zhang and
Lindberg, 1999) and these summaries will be built on for the current assessment.
These papers, and a number of other studies (see list associated with Table 7.3),
provide the information on fluxes that is gathered in Table 7.3, and the estimates of
Hg? uptake by plant material that are gathered in Table 7.4. As noted, there is appar-
ently contradictory information in the literature as some studies show evasion of Hg’
from vegetation while other studies suggest uptake. It is not possible to determine
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Table 7.3 Average fluxes, or in some cases the range of fluxes, for various ecosystems measured
by a number of investigators. Values have all been converted to a common flux unit of nmol m?
month'. In the table, negative values indicate uptake of mercury rather than release. Results from
the older literature are combined in estimates given in various review papers

Flux Flux
Location (nmol m* mth')  Ref.  Location (nmol m* mth')  Ref.
Vegetation Forest 29 238 1 Ground Level Forest 1.4-7.2 1
Hardwood Floor Sweden
Pine 3.6-126 1 Oak Ridge, TN 72-25 8
Maple 20 2 Michigan 5.0 9
Spruce 6.1 2 Brazil <1 7
Poplar 9.7 2 “Deforested” site 50 7
Oak 16.4 2 Desert Soils -3.6 to 10.8 6
Other Sagebush -5.0 3 Mineralized Areas 13.3 10
(Av. for Nevada)
Prairie grass 12.5 5 High Hg regions max 1500 11
Cattail 60 6
Model Estimates max 16 4 Model Estimates 54 4
Hard wood forest Forest Soil
Agricultural crops max 11 4 Agricultural soil 8.3
“Plant-related emis- 3.2 12 “Average global soil” 1.5 12

sions”

References: (1) Hanson, Lindberg et al. (1995); Lindberg, Hanson et al. (1998b); (2) Hanson,
Lindberg et al. (1995); (3) Fay and Gustin (2007); (4) Bash et al., (2004); (5) Obrist et al., (2005);
(6) Gustin et al., (2006) and references therein; (7) Magarelli and Fostier (2005); (8) Carpi and
Lindberg (1997); (9): Zhang, et al. (2003); (10) Gustin (2003) and references therein; (11) Gustin
and Lindeberg (2005); (12) Selin et al., (2008).

Table 7.4 Estimates of the uptake of mercury by vegetation, primarily trees as estimated from the
concentration of Hg in litterfall collected at the end of the growing season, or from measurements
of leaf concentration over time

Location Flux (nmol m?> mth') Reference
Various studies 6.6 -16.5 1,2
Temperate forest 54 3
Temperate forest 5.0 4

Model: NE USA 08-3 5

References: (1) Lindberg et al. (2004); (2) Gustin and Lindberg, (2005); (3): Rea et al. 1996; Rea
et al. (2002); (4) St Louis et al. (2001); (5) Miller, et al. (2007).

exclusively for all vegetation types the overall net uptake, nor to ascertain the impact
of seasonal differences, or the impact of changing air Hg® concentrations, and the
extent these may exceed a particular compensation point. Thus, the approach taken
here is to scale both the uptake and release fluxes from the various studies and calcu-
late a net overall flux (Table 7.5) that is a composite of these two processes, and
reflects the net uptake or emission for a particular terrestrial habitat type, and for a
particular region (polar, temperate or tropical).

As seen in Table 7.3, there is a wide range in the values in the literature for a vegeta-
tion type, or for soils. For example, the fluxes for forests and various tree types vary
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from low values around 6 to very high values of 240 nmol m? month™’. In compiling
the information from the literature it was necessary to convert the fluxes to comparable
units for ease of comparison. Clearly, in making such calculations it is necessary to
assume that the measurements made are valid for the region on an average basis.
Clearly, in some cases this may not be truly valid, and in the calculations for Table 7.5
any seasonal effect is further considered, as detailed below. Furthermore, some of the
variability in Table 7.3 is due to seasonal and other effects. A number of parameters
are now known to influence the net uptake or emission of Hg’ from both vegetation
and soils, and this accounts to some degree for the variability as many of the studies
have been done over short periods of time, or within a particular season. Variability
between species is also a potential problem in extrapolating the results. For example,
the study of (Fay and Gustin, 2007) using three different plant species in mesocosm
experiments showed that under the same conditions there could be Hg® deposition
(plant uptake), bi-directional exchange and no measurable flux for the different plant
species. Again, as found for ocean environments, the individual fluxes in Table 7.3
appear much higher than those that can be sustained at steady state, and therefore
modeling and other approaches are needed to further constrain these values.
Available estimates from modeling studies are also included in Table 7.3 where
these are based on detailed formulations rather than simple mass balance
approaches. The modeling of (Bash et al., 2007; Bash et al., 2004), for example,

Table 7.5 Estimates of net evasion of mercury from terrestrial ecosystems which were calculated
from the information provided in Tables 7.3 and 7.4, as discussed in the text

Estimated Area Net Evasion (average)
Region (x 10" m?) (Mg yr") Total evasion*
Polar/Boreal (>700)
Boreal Forests 0.12 40 (12-60) 2.4
Tundra 0.08 48 (16-96) 2.9
Boreal Lakes 0.005 4.5 (2.7-9) 0.3
Ice Covered Polar Regions*  0.08 40 (24-80) 2.4
Temperate (30-700)
Temperate Forest 0.12 102 (30-120) 6.2
Grassland/Prairie 0.08 89 (57-178) 54
Chaparral/Scrub 0.08 88 (56-176) 5.3
Temperate Agriculture 0.09 68 (36-145) 4.1
Desert/Metalliferrous Zones  0.18 269 (143-716) 16.3
Temperate Lakes 0.03 58 (35-117) 3.5
Tropical/Subtropical (0-300)
Tropical Forests 0.25 200 (61-245) 12.1
Tropical Prairie/Grassland 0.009 12.6 (6.8-25) 0.8
Tropical Agriculture 0.063 52 (32-113) 32
Desert/Metalliferrous Zones  0.16 239 (159-637) 14.5
Savannah 0.15 210 (113-420) 12.7
Tropical Lakes 0.011 33 (20-68) 2.0
Volcanoes/Geothermal NA 90 (60-600) 5.5
Total 1.5 1650 (863-3806)

*These fluxes do not include re-emission of Hg to the atmosphere during polar sunrise in
response to MDE’s.



184 R.P. Mason

results in a diurnal variation in plant fluxes and thus the maximum values are given
in Table 7.3 — the minima at night is around zero. The average soil evasion flux
(18 nmol m? yr'; 3.6 ug m? yr') of (Selin et al., 2008) was derived using a model
incoporating solar radiation, temperature and canopy attenuation of surface temperature.
These modelers also estimated fluxes related to plant evapotranspiration and also
due to the re-emission of recently deposited atmospheric Hg (respectively, 18 and 20
nmol m? yr'; 3.6 and 4 ug m? yr'), which are combined together as a single value
in Table 7.3.

Modeling results and correlations based on field studies suggest that fluxes are
related to solar radiation, temperature and the impacts of moisture as well as the
concentration of Hg®, CO2 and of oxidants in the air (e.g. (Bash et al., 2004; Gustin
et al., 2006; Millhollen et al., 2006; Obrist, 2005; Selin et al., 2008). Fluxes are also
strongly dependent on air concentration, and in many cases, fluxes for a particular
plant species are related to the “compensation point” air concentration. At lower
concentrations than the compensation point, plants release Hg while at higher air
concentrations, Hg is taken up. Most studies to date suggest that the compensation
point for many tree and plant species is within the typical background range (1-3 ng m)
(Gustin and Lindberg, 2005; Lindberg, 1996; Lindberg et al., 1998b) and so in many
cases, the uptake is bi-directional, and likely overall there is less net uptake into the
vegetation. Similarly, uptake into soil or release of Hg? from soil depends on the soil
Hg content. In some studies (Xin and Gustin, 2007), soils emitted Hg during the
day but there was deposition to soil at night, and the extent of uptake or release was
a function of both air and soil Hg content. At typical air concentration, very little net
release or uptake occurred. Again, many studies that suggest Hg® release from contami-
nated soils should be extrapolated with caution as there is the possibility for little or no
release, or even uptake into low Hg soils. Emissions from soils are dependent on canopy
cover as this can reduce the rate of evasion (Gustin and Lindberg, 2005).

The results from studies on the uptake of Hg by plant leaves are shown in Table 7.4.
These studies are somewhat limited but they show in all cases that there is uptake of
Hg into the leaves and that this Hg cannot be removed by simple washing or leaf sur-
face extraction, which would indicate that this Hg was due to dry deposition of particu-
late material or from RGM deposition (Gustin and Lindberg, 2005; Miller et al., 2007;
Miller et al., 2005; Rea et al., 2002). Overall the various studies are relatively consist-
ent in that the estimated fluxes are of the same order, especially for the more recent
studies in temperate forests. Miller et al. (2005) used these results to develop a regional
model for the uptake of Hg® by vegetation in the Northeast USA and the modeled
range in values for the different states in the region were lower than the specific stud-
ies, but these can be used to extrapolate the limited studies to a more global scale.

The information from Tables 7.3 and 7.4, and the modeling approaches discussed
above, provide the basis for the estimations contained in Table 7.5. In scaling up the
fluxes the following are taken into account: 1) seasonal impacts, such as snow cover
on land and ice cover on lakes; 2) seasonal differences in solar irradiation and its
impact on fluxes; 3) temperature effects; and 4) the variability in fluxes for different
vegetation types. In determining the various regions in Table 7.5, global maps of
ecosystem biomes were used to generate the estimated areas for the different vegeta-
tion types, and the various regions were divided by latitude as noted in Table 7.5.
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Some interpolation was required to cover the various regions, and to take into
account vegetation types, and to account for agricultural zones, and for the emissions
from lakes. Also, given the literature on the uptake and release of Hg® from plants,
the following assumptions were made: 1) evasion of Hg® from vegetation was:
forest>grasslands/other terrain>agriculture and tropical>temperate>polar; 2) eva-
sion from metalliferrous zones was higher than from vegetated areas; 3) evasion
from urban areas was not specifically included; 4) uptake of Hg® by plant leaves is
four times greater for forest compared to other vegetation (grasses, agriculture); 5)
uptake was greater for tropical versus polar regions because of seasonal differences
(e.g. temperature, solar radiation); and 6) there was only evasion, and no uptake to
lakes and non-vegetated terrain. Using these assumptions, and the range of values in
Tables 7.3 and 7.4, the following estimates were generated (Table 7.5).

While the evasion has been partitioned according to landscape type and latitude,
it must be re-stated that these estimates are based on a relatively small dataset and
are therefore likely to be highly uncertain. This is indicated by the range in values
given for each flux estimate, which vary by a similar amount to the estimates for
ocean evasion, up to an order of magnitude difference. Thus, these results and esti-
mates form a basis for future work and require much more analysis and confirma-
tion of their validity, but they do provide a first order estimation.

The recent global mercury model of Selin et al. (2008) estimates that non-point
source evasion from land (excluding biomass burning) at around 2200 Mg yr';
somewhat higher than the estimates here but not substantially different and within
the range of values given in Table 7.5. Other recent modeling efforts have used a
value of 2000 Mg yr', and have mostly assumed that 50% of this is from re-emission
of anthropogenically-derived Hg deposition (Bergan et al., 1999; Lamborg et al.,
2002; Mason and Sheu, 2002; Seigneur, 2004; Selin, 2007; Shia et al., 1999).

The value estimated here is most similar to that of Mason and Sheu (2002) (1600
Mg yr'). However, the range in the values in Table 7.5 encompasses all these model
estimates. Overall, on average, forests account for 22% of the emissions, based on
these estimates, agricultural locations about 8% and other vegetated regions 27%.
Thus, more than 50% of the emissions are from these vegetated regions. Deserts
and metal-rich locations are also important sources to the atmosphere, accounting
for 30% of the emissions.

Volcanoes account for about 5% of the total emissions. Lakes are overall a minor
source (~6%) to the atmosphere, compared to the terrestrial sources. Overall, most of
the emissions are from the tropical regions (53%), compared to the temperate regions
(39%) with the polar regions being a minor source (8%). Again, these variations fit with
the limited data, and the latitudinal variation is consistent with the Selin et al. (2008)
model, and makes sense given that the primary factors influencing the degree of emis-
sion are temperature and solar radiation, which are highest in the tropical zone.

The information in Tables 7.2 and 7.5 are further summarized in Table 7.6.
In addition, the potential evasion flux from emissions of Hg® in response to enhanced
deposition of RGM after MDE’s is included in the table. This estimate is based on a
number of recent estimates of the importance of this source (Ariya et al., 2004; Mason
and Sheu, 2002), which are derived form an analysis of the data compiled in a number
of recent studies (Lalonde et al., 2003; Lalonde et al., 2002; Poulain et al., 2007;
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Table 7.6 Overall summary of fluxes by vegetation type and for aquatic systems. Compiled from
the data in Tables 7.2 and 7.5

Estimated Area Net Evasion
Region (x 10" m?) (average) (Mg yr')
Oceans 3.6 2682
Atlantic Ocean 1.02 840
Pacific and Indian Ocean 2.25 1700
Antarctic Ocean 0.12 12
Mediterranean 0.025 70
Coastal waters 0.035 60
Terrestrial 1.5 1850
Forest 0.49 342
Tundra/Grassland/Savannah/Prairie/Chaparral 0.40 448
Desert/Metalliferrous/ Non-vegetated Zones 0.42 546
Agricultural areas 0.15 128
Lakes 0.046 96
Evasion after Mercury Depletion Events NA 200
Volcanoes/Geothermal NA 90
Total 4532

Poulain et al., 2004). These estimates are uncertain but suggest that the flux to the
atmosphere from these processes is 200 Mg yr'. The compilation in Table 7.6 empha-
sizes the importance of oceanic evasion in contributing Hg to the atmosphere as this
accounts for about 60% of the total emissions from all the sources documented in this
chapter. This again is consistent with the literature and all the modeling studies
discussed above.

Overall, the evasion from the ocean, which constitutes 70% of the surface of the
Earth is 2680 Mg yr!, or, on average ~36 nmol m? yr! (7.2 ug m? month™). In con-
trast, evasion from the terrestrial environment (30% of the surface) is 1850 Mg yr',
or, on average, ~63 nmol m?2 yr! (12.6 ug m? month™). Therefore the average emis-
sions from the land exceed the ocean on an areal basis. This appears reasonable
given the number of sources and mechanisms for the formation and evasion of Hg"
from these environments. Furthermore, one needs to consider the importance of the
impact of enhanced deposition to the land related to anthropogenic inputs, which are
concentrated on the terrestrial landscape. The mass of Hg in soils (>50 nmol kg™!) is
much larger than that of the ocean (a few pmol kg'), and even though much of the
terrestrial Hg is bound and uncreative in terms of reduction, there is clearly a sub-
stantial reservoir of Hg available for evasion. Indeed, using typical concentrations of
Hg in soils (50-500 nmol kg'), the average yearly flux is equivalent to the removal
of 1-10% of the Hg in the surface cm of such soils. Thus, there is indeed a large
reservoir of Hg in the terrestrial environment that is supporting the evasion of Hg®,
and this is clearly enhanced by the presence of vegetation. Finally, the total evasion
estimated here is about 4400 Mg yr!, which is still less than the estimated wet and
dry deposition of Hg from the atmosphere, which ranges from 6000 to 6800 Mg yr!
in different model simulations. The difference is consistent with the estimates of
anthropogenic inputs, which is the other major source of Hg to the global atmos-
phere besides evasion of Hg? from the ocean and from terrestrial environments.
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Chapter 8
Mercury Emissions from Global Biomass Burning:
Spatial and Temporal Distribution

Hans. R. Friedli, Avelino F. Arellano, Jr., Sergio Cinnirella,
and Nicola Pirrone

Summary This chapter represents a new addition to the UNEP global mercury
budget: the mercury emissions from biomass burning, here defined as emissions
from wildfires and prescribed burns, and excluding contributions from bio-fuel
consumption and charcoal production and use. The results cover the 1997-2006
timeframe. The average annual global mercury emission estimate from biomass
burning for 1997-2006 is 675 + 240 Mg yr'. This accounts for 8% of all current
anthropogenic and natural emissions. The largest Hg emissions are from tropical
and boreal Asia, followed by Africa and South America. They do not coincide with
the largest carbon biomass burning emissions, which originate from Africa. Our
methodology for budget estimation is based on a satellite-constrained bottom-up
global carbon fire emission database (GFED version 2), which divides the globe
into regions with similar ecosystems and burn behaviour. To estimate mercury
emissions, the carbon model output is paired with regional emission factors for
Hg, EF(Hg). There are large uncertainties in the budget estimation associated with
burned area, fuel mass, and combustion completeness. The discrepancy between the
model and traditional ground based assessments (e.g. FRA, 2000) is unacceptably
large at this time. Of great urgency is the development and validation of a model
for mercury cycling in forests, accounting for the biogeochemistry for each region.
This would provide an understanding of the source/sink relationship and thus
mercury accumulation or loss in ecosystems. Limiting the burning of tropical and
boreal forests would have two beneficial effects: reducing the source of mercury
releases to the atmosphere from burning, and maintaining a sink for atmospheric
mercury. Restricting the global release mercury would reduce the vegetation/soil
pools, and the potential Hg release in case of fire.

8.1 Introduction

The importance of mercury emissions to the atmosphere from biomass burning was
first recognized in South America by Veiga et al. (1994), probably as the result of
the confluence of mercury pollution from artisan gold mining and ongoing clearing
of tropical forests by burning for agricultural uses. After 2000, research describing
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laboratory and field experiments extended to other geographic regions with
extensive wildfire activity. The concern for this newly recognized pathway of
mercury is about its participation in the biogeochemical cycle, which includes
conversion into methyl mercury, a toxic and bioaccumulating compound hazardous
to humans, other mammals, and birds.

This same time period coincides with rapid advances in satellite remote sensing
and retrieval algorithms, providing information on biomass burning on a global
scale. We are now in a transition phase where remote sensing is adding to ground
based reporting by providing critical data on fuel characterization, fire detection
and burn area growth, fire intensity and smoke plume composition and transport.

Since this is the first inclusion of biomass burning into global mercury budgets,
a description of the salient facts about the burn process and the biogeochemistry are
briefly described. For more detailed insight, the reader is referred to the pertinent
references in the text. We briefly discuss the following aspects:

e What is the global distribution and speciation of biomass?
e How does mercury enter the biomass?

e How is mercury distributed in biomass and organic soils?
e How does fire release mercury?

e How can we estimate emissions of mercury from fires?

8.1.1 Global Distribution of Vegetation

Figure 8.1 depicts the global vegetation mass distribution. Vegetation mass is
concentrated in the tropical and subtropical zones (tropical forests and savanna and
grass lands) and in the northern tiers of the globe (temperate and boreal forest).
A related website (http://www.unep-wcmc.org/forest/global_map.htm) also describes
all vegetation types.

8.1.2 Biogeochemistry of Mercury in Forests

Mercury in vegetation and organic soil is the result of bi-directional processes
connecting atmosphere, plants, organic soils, and hydrology (Gustin et al., 2008;
Lindberg, 1996; St. Louis et al., 2000; Driscoll et al, 2007). Mercury enters ecosystems
mostly by wet and dry deposition of particulate Hg(p), ionic (RGM), and gaseous
elementary mercury (GEM) onto live vegetation and soil surfaces, and by stomatic
assimilation of GEM (Erickson et al., 2003; Frescholtz et al., 2003, Fay et al.,
2007). Mercury on vegetation surfaces can be incorporated into plant tissue
or photo-chemically reduced to GEM and released, or it can be washed off as
throughfall. Xylem sap contribution to plant mercury is minor (Bishop et al., 1998)
except for plants in soils with high mercury content, contaminated or naturally
enriched. Upon deposition to the ground in throughfall or in senesced leaves,
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Figure 8.1 Olson’s major world ecosystem complexes ranked by carbon in live vegetation:
An updated database using the GLC2000 land cover product (cdiac.ornl.gov)

needles, bark and dead wood (litterfall), mercury is sequestered by reduced sulfur
groups contained in the carbon pool (Skyllberg et al., 2003). This general behaviour
was confirmed by the METAALICUS field experiments (Harris et al., 2007), where
one mercury isotope sprayed onto live vegetation remained mostly immobilized in
the organic soil, while a different isotope sprayed into water in the same region was
rapidly converted into methyl mercury.

8.1.3 Mercury Distribution in Vegetation and Organic
Soil by Region

Knowing the partitioning of mercury in the fuel pool is essential because only not
all components of the fuel pool are combusted in a fire. The mercury content in plants
is species- and plant-part specific. Mercury increases through the growing season
with insignificant levels at leaf-out. Mature leaves and needles from deciduous,
hardwood, coniferous trees in North American forests contain about 30-70 ng g
mercury determined by dry mass (dm). Similar ranges have been measured for
Central- and South America, Australia and Africa. Some European oak leaves can
reach 150-200 ng g' (dm). Bark contains higher mercury concentrations than leaves
and the content differs between live and dead fractions. Bole wood is much lower in
mercury, e.g. ~2 ng g (dm) for aspen. Mercury in African savanna grasses ranges
from 6-9 ng g' (dm), the same range as in agricultural residues (rice, corn).

Of critical importance is the partition of mercury above and below the forest
surface. In temperate and boreal forests the mercury pool in the live plants amounts
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to <10% of the total pool (Grigal, 2002, 2003). As an example, in a boreal forest
plot in Saskatchewan, Canada, 93-95% of the mercury pool was located in the
organic soil above the mineral layer (Friedli et al., 2007). The mercury concentration
in the organic soil reached 300 ng g' (dm), values typical for upland boreal forests.
The mercury pool in a forest depends on stand age. In the above example the mercury
pool increases from ~1.0 to 2.9 to 7.8 mg m? for stand ages 39, 133 and 180 years,
respectively. Similar data are available for temperate North American forests
(Harden et al., 2004; Engle et al., 2006; Biswas et al., 2007, 2008).

Because Hg is primarily located in the organic soil layers of a forest, it is important
to understand the extent of the organic soil. Carbon accumulation (i.e. photosynthesis
vs. decomposition) of an ecosystem depends on climate, vegetation type and stand
age, burn frequency and hydrology. Upland boreal forests and temperate forests
accumulate 5-20 cm of organic soils and burn frequently, whereas lowland peat,
bogs, and permafrost may accumulate carbon over 100s of years between fires and
reach several meters in thickness. As a consequence these ecosystems contain much
larger mercury pools, commensurate with a large carbon pool (Turetsky et al.,
2006). Of particular interest are the tropical peat fields in south East Asia because
of their large size and the lack of mercury data.

African and Australian savannas accumulate only 0-2.5 cm of organic soil (Shea
et. al., 1996), because of frequent (annual or biannual) burning and climatic conditions
that favour rapid decomposition of organic matter. Vegetation and soil mercury in the
African region is poorly defined: while the carbon emissions are the largest by far
for all regions, few EF(Hg) are known. Since burning is frequent, modeled deposition
rates for mercury may serve as an upper limits on what level annual mercury emissions
could reach. Seigneur et al. (2003) estimated wet and dry deposition in northern and
southern hemisphere Africa (NHAF, SHAF) to be 8-15 pg Hg m?. Assuming that
evasion, stomatic uptake and bacterial and herbivore losses are small, and fuel mass
burned ranges from 1-4 kg m yr!, EF(Hg) of 2-3.75 ng Hg kg! could be expected.
This compares with 6+3 pg Hg kg' determined from mercury content in grass
(Friedli et al., 2008).

Undisturbed wet tropical forests also have shallow layers of organic soil because
of rapid decomposition of the vegetation by insects and bacterial activity. At a site
in the Amazon, 40% of the mercury resides in live vegetation, 60% in organic soil
and litter (Michelazzo et al., 2008). This is very different from boreal forests, where
>90% of the mercury is contained in the organic soil. Here the mercury pool is also
smaller, 0.65 mg m? compared to 1-3 mg m? in upland boreal forests.

8.1.4 Mercury Release from Burning Biomass
and Organic Soil in Different Landscapes

This section starts with a general description of the mercury release process as it was
investigated in controlled laboratory experiments. It then discusses the emission
behaviour in wildfires burning in different landscapes and under different fire
weather conditions.
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The mercury release process was studied in lab-scale experiments by Obrist
et al. (2007) and Friedli et al. (2001; 2003a). These studies showed that essentially
all mercury is released during the flaming phase of the combustion of dry leaves,
needles and small twigs; little is known about the emission from smouldering fires,
which are important for organic soil combustion. The speciation of the emitted
mercury is dependent on the moisture content of the fuel: dry fuels emit GEM
almost exclusively; green or wet fuels generate more smoke which can include up
the 40% of the released mercury in particulate form Hg(p). The available data on
mercury speciation are very limited but are important because speciation influences
the location of the downwind deposition of the released mercury.

Wildfires are very complex phenomena and are dependent on fuel source
(composition, mass, structure, moisture content), physical setting (slope, elevation,
relief, soil structure), weather (temperature, wind, humidity, insolation) and climate
(e.g. drought). Depending on conditions, different heat release rates are observed.
Wildfires (and prescribed fires) behave spatially and temporarily differently because
of regional climatic and weather differences. After ignition by lightning, spotting
or an anthropogenic source, surface fires consume surface material (grasses, mosses
and lichen, litter, downed wood) and shrubs, and can transition via ladder fuel into
crown fires which consume needles, leaves, small branches and bark. Mercury
contained in the burned matter is essentially fully released. If the ground is ignited,
the resulting ground fire (organic soil horizons, logs, wood piles, stumps) can last
for days to years and release partially or fully the mercury pool, creating a mosaic
of burned and unburned areas with variable amounts of residual mercury.

Boreal wildfires, particularly under drought conditions, are often severe.
They have regional and global environmental impacts because they frequently
inject combustion products, including mercury, into the stratosphere (Fromm and
Servranckx, 2003). The plumes undergo long-range transport and chemical transfor-
mations: mercury reactions include the conversion of GEM into Hg(p) and RGM,
which have shorter lifetimes. Boreal fire plumes transported over long distances
have been observed for North America (e.g. Sigler et al., 2003) and Western Russia
(Witham and Manning, 2007). Intense boreal fires can generate pyro-cumulus
clouds and intensive local precipitation, which could result in mercury deposition
and hotspots on the ground.

Fires in dry tropical and extra-tropical temperate forests exhibit fire dynamics
commensurate with fuel density, vegetation speciation, surface geography, and
weather and climatic conditions.

In tropical savanna fires the heat release is smaller and stratospheric injection is
less likely. The fuel mass available for burning in these ecosystems varies substantially
depending on past rainfall or drought, e.g. on El Nifio cycles for African savannas.

Undisturbed wet tropical forests have a 100 to 1000 year fire frequency.
Where deposition mercury ends up in these ecosystems is unclear: there is little
organic soil to sequester mercury as would happen in northern forests. Does it
evade from the litterfall back into the atmosphere, is it absorbed into the mineral
layer, or is it hydrologically removed? Commercial deforestation in tropical
forests resulting in complete burning of all fuel mass removes all mercury, including
from bole wood and stumps.



198 Hans. R. Friedli et al.

8.1.5 Estimation of Mercury Emissions from Biomass Burning

Mercury emission estimates from biomass burning are based on carbon budgets in
combination with emission factors for mercury, EF (Hg), related to carbon released.
To achieve a uniform, globally consistent treatment of carbon release for all observed
fires, we selected a sophisticated carbon emission model, the Carnegie-Ames-
Stanford-Approach (CASA) biogeochemical model, specifically modified to account
for biomass burning (hereinafter termed as the Global Fire Emission Database
version 2 (GFEDV2) as described by van der Werf et al., 2006), which partitions
observed global fires into regions with similar fuel types and fire behaviour. Emission
factors for mercury for different ecosystem types originate from two methods:
(1) ground-based measurements of the difference in mercury pools before and after
a fire, and (2) enhancement ratios (ER) of Hg and CO in plumes measured on the
ground or by aircraft. Mercury emissions are then estimated as the product of carbon
emissions and mercury emission factors.

8.1.6 Carbon Emission Model

The release of carbon from large-scale biomass burning is traditionally estimated
from the amount of biomass (or fuel) burnt, which is calculated as a product of 1)
the areal extent of the burn (burned area, BA), 2) the amount of fuel available for
burning (fuel load, FL), and 3) the fraction of fuel load that has been combusted
(combustion completeness, CC), integrated across space and time of interest (Seiler
and Crutzen, 1980). Due to the inherent complexity of wildfires, and biomass
burning in general, the estimates of these three components exhibit large spatial and
temporal variability that limits our assessment of the accuracy of carbon emissions.
Early studies estimated the carbon release by developing inventories (e.g. from fire
management agencies) for each of these components and for different biome types,
and extrapolate these inventories using global vegetation maps to continental or
global-scale estimates (e.g. Hao and Liu, 1994). However, over the past two
decades, these methods are being supplanted, primarily due to the increased availability
of biogeochemical and fire-related observations from space (remotely-sensed), in
conjunction with ground-based studies on fuel loads (and consumption), airborne
measurements of smoke plumes, as well as the advancements in biogeochemical
and transport models. We briefly describe below the current methods of estimating
each of these components, with a particular focus on integrated approaches in
estimating the carbon release on a regional to global spatio-temporal scale (e.g.
GFEDvV2, van der Werf et al. 2006). This type of approach provides a consistent and
traceable representation of global carbon emissions, which can be very useful in
evaluating and interpreting estimates with ground truth and other independent
datasets. Please refer to van der Werf et al. (2006) for more details on the carbon
emission model used in this report.
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Burned Area

Global burned areas can be derived from detection of active fires from multi-sensor
satellite imageries (ATSR, AVHRR, MODIS, VIRS) and the relationship of fire
counts to burned area (e.g. Giglio et al. 2006). Estimates of burned area are now
available for specific regions, typically from forest services and fire management
agencies (e.g. Canada Forest Service) and from country reports (e.g. Forest Resource
Assessment, or FRA). These regional estimates serve as basis for validating burned
area estimates developed at a global scale. Most recently, burned area products
derived from satellite observations of burn scars became available for the year 2000
at a monthly time scale and 1km x 1km spatial resolution. Of these products, the
GBA 2000 (Gregoire et al., 2002) is based on the SPOT-VEGETATION instrument,
while GLOBSCAR (Simon et al., 2004) is generated from data collected by the
ATSR instrument. Detailed comparisons between these two products against country
reports reveal key differences. Most notably, GBA 2000 has substantially higher
burned area results in Africa and Australia, which Simon et al. (2004) attributed to
inability of GLOBSCAR algorithms to detect large areas of burning in woodlands
and shrub lands. Other than these two regions, the two products appear to be generally
similar at continental scales (Kasischke and Penner, 2004).

From the evaluation of Giglio et al. (2006), the burned area reported in GFEDv2
appears to be in general agreement with Canadian Interagency Forest Fire Centre
(CIFFC) compilations (slope about 70%) and US National Interagency Fire Center
(NIFC) statistics (slope about 83%) with some degree of underestimation for very
large burned areas. For Russia, the burned area estimate in 2001 is about 26% larger
than reported by Sukhinin et al. (2004). Globally, the estimates are larger than GBA
2000 (by about 32%) and GLOBSCAR (by about 144%). The average annual
burned area in GFEDV2 for the years 1997-2006 is about 332 + 26 Mha yr-'. The
majority is due to burning in Africa (66%), followed Australia (13%), Asia (10%)
and South America (5%).

On average, uncertainties in GFEDv?2 global burned area estimates appear to be
smaller (20-30%) than earlier estimates which had uncertainties over a factor of 2
(Kasischke and Penner, 2004). However, the differences in GFEDv2 burned area
with other estimates can be large during some years and on local to regional scales.
One of the shortcomings of these satellite-based estimates is their difficulty to
detect small burned areas, particularly in deforestation regions with persistent cloud
cover and mechanized clumping of fuels. In addition, the ability to globally validate
these satellite-based estimates remains problematic due to the lack of validation
data from ground-based measurements.

Fuel Loads

The available fuel load is defined here as organic matter available for combustion
and includes all above-ground herbaceous biomass, above-ground woody biomass,
coarse woody debris, and litter. Regional information on fuel loads are either
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derived from inventory-based compilations of fuel load maps (e.g. ECE-FAO, IFFN
reports) or from satellite observations of vegetation indices (e.g. Barbosa et al.,
1999). More recently, estimates on available fuel loads employ biogeochemical
models that simulate the carbon fluxes across the different pools of the terrestrial
biosphere (e.g. foliage, woody materials such as branches, stems, boles and roots,
litter, active and passive soil), including carbon losses from fires, herbivores, and
fuel wood collection. In most cases, these biogeochemical models employ added
constraints from satellite-derived estimates of net primary production (e.g. from
NDVI, normalized differential vegetation index) and leaf-area index (LAI), together
with maps of soil moisture, temperature, precipitation, soil types, and vegetation
types to realistically represent the spatio-temporal patterns and amount of biomass
across different ecosystems. This approach integrates process-level information of
large-scale vegetation dynamics with important drivers of fuel loads that will likely
respond to global change processes. In GFEDv2, the biogeochemical model employed
is the Carnegie-Ames-Stanford-Approach, CASA, (Potter et al. 1993) with a spatial
resolution of 1°x1° and a temporal resolution of one month. The model uses the
combination of satellite-derived estimates of fraction of incident photo synthetically
active radiation (PAR) absorbed by the green plant canopy (FAPAR) from SeaWIFS
(Behrenfield et al. 2001) and satellite-based estimates of solar insolation for PAR
(Bishop and Rossow, 1991) to simulate net primary production (NPP). Please refer
to van der Werf et al. (2006) for specific details on the allocation of NPP to different
carbon pools. In GFEDv2, CASA was specifically modified to account for fire by
the addition of satellite-based estimates of burned area (Giglio et al. 2006) to adjust
for the potential loss of above-ground biomass and litter due to fire. In cases of fire,
a direct loss of carbon is initiated from above-ground carbon pools depending on
fire mortality and combustion completeness (van der Werf et al. 2006).

Otherrecent global studies using the biogeochemical approach, include Hoelzemann
et al. (2004) who used the Lund-Postdam-Jena (LPJ) Dynamic Global Vegetation
Model (DGVM), and Jain et al. (2006) who used the terrestrial component of the
Integrated Science Assessment Model (ISAM). Regional-scale emission models
have also been employed to refine estimates for specific regions of the globe that are
highly susceptible to fires (e.g. Kasischke et al., 2005 for the boreal region, Hély
et al., 2003 for Africa, Wiedinmyer et al., 2006 for North America).

The average fuel load (in kg dry matter m?), calculated from GFEDv2 for the
year 2000 across regions of similar vegetation types, ranges from 1.3 + 1 kg m? in
non-forests, 18 =21 kg m™ in tropical forests (mostly equatorial Asia), to 10 = 8 kg m™
in extra tropical forests (including boreal). These estimates are comparable on aver-
age to field measurements (Guild et al., 1998; Hobbs et al., 1996; Kasischke and
Bruhwiler, 2002; Shea et al., 1996) and appear to have uncertainties on a regional scale,
of about a factor of 2. A large part of the uncertainty is attributed to poor representation
of soil organic carbon and below-ground biomass, especially in boreal regions and
peat lands. In GFEDv2, highest fuel loads are predicted over equatorial Asia and boreal
regions, where soil organic carbon represented a large fraction of the fuel load. The fuel
loads in boreal North America and boreal Asia were approximately 8 kg m?, while
in savanna regions, the fuel loads were highest in southern hemisphere Africa
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(3 kg m?) where significant burning occurred in woodland areas and lowest in
Australia (0.8 kg m?), where much of the burning occurred in grasslands.

Combustion Completeness

Combustion completeness (CC) is defined here as the ratio of fuel consumed from
fires to total available fuels. Measurements of combustion completeness vary across
a wide range of vegetation types (Shea et al., 1996; Hoffa et al., 1999, Carvalho
et al., 2001). In general, they are associated with the types of fuel, fuel loads, and
fuel configurations (including water content) but may also vary significantly depend-
ing on fire practices, fire severity and dynamics. The values range from 1 (complete
combustion) for well-aired and dry litter (fine fuels) to about 0.2 for coarser fuels
like stems and woody debris, which burn incompletely. Foliage and twigs in boreal
regions, for example, have high CC while its living stems and boles have low CC.
Studies have also shown that CC varies during the burning season, with a tendency
to increase when fuels have more time to dry out (Shea et al. 1996).

In GFEDvV2, CC is allowed to vary in the biogeochemical model across the different
carbon pools and from month to month. CC values range from 0.8-1.0 for leaves,
0.2-0.3 for stems, 0.9-1.0 for fine leaf litter, 0.5-0.6 for coarse woody debris and
0.9-1.0 for soil organic carbon. In addition, CC is increased in stems and coarse
litter in areas with high levels of fire persistence.

Uncertainties in CC can be attributed (yet difficult to quantify) to the lack of direct
observations on fire behaviour across different ecosystems and throughout the burning
season. Also, differences in fire practices across difference regions may increase
the uncertainty. For example, in tropical forests undergoing deforestation where
mechanized clumping is prevalent, it is observed that CC tends to approach to 1.0
over the course of the burning season as fuels are piled and ignited multiple times
(van der Werf et al., 2006).

Fuel Consumption

The amount of biomass burned (fuel consumed) is a product of burned area, fuel load
and combustion completeness. The release of carbon from biomass burning is then
calculated by assuming a carbon content of 45% of the dry biomass (Andreae and
Merlet, 2001). Thus, estimating the uncertainty in fuel consumption has a tendency
to be multiplicative.

8.1.7 Mercury Emission Factors

Emission factor, EF(Hg), estimation for this work is based on two different meth-
odologies: one is centered on plume composition, measured at ground level or by
aircraft; the second is based on the change in the mercury pool in soils before and
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after a fire. Soil-based mercury is reported as g Hg released per area burned (ha or
m?); plume-based EF(Hg) have the units pg Hg per kg fuel burned. The conversion
between EFs requires fire-specific values for fuel burned per unit area, which in
most cases are estimates.

Mercury in plumes is measured in ng Hg/ (std) m? and the corresponding carbon
equivalent in the same volume is calculated from measured CO, + CO (or estimated
as 9:1 (molar) from CO measurements), corrected by a factor of 1.05 to account
for carbon in trace components CH,, particulates, non-methane organic compounds
(NMOC). For the conversion of carbon to dry mass fuel, an average factor of 0.45
for carbon in fuel is assumed (consistently with the carbon model described above).
All emitted mercury species (pHg, GEM, and RGM) must be included in the analysis.
Mercury emission factors determined from plume observations are generally under-
estimates because some pHg is lost by deposition before it can be sampled. In nascent
plumes, pHg is a significant fraction of the mercury emitted, up to 40% (Friedli et al.,
2003a, Friedli et al., 2003b, Obrist et al., 2007). Measurements made far from a fire
event may additionally miss the mercury lost by conversion to and deposition as pHg
along the plume track. For these two reasons, most plume studies are underestimates.

A convenient method to assess mercury in fire plumes is to measure the enhance-
ment ratio (ER) which is defined as A[Hg]/A[CO], A where A[Hg] is the sum of all
species in excess of background concentration and A[CO] is the difference between
CO concentration in the plume and the background. For this work we have assumed
that the ratio between EF (ug/kg fuel) and ER (molar) is constant for all fires and
related by a factor of 1425, derived from the most robust aircraft data available
(Friedli et al. 2003b: 113 + 59 pg/kg fuel burned and its corresponding ER of 0.793
x 107 (A [Hg]/A[CO]). To convert ER into emission estimates, a corresponding
CO source term is required. Table 8.1 lists ER from ground and aircraft-based
measurements for different regions.

The average of all measurements in Table 8.1 is 1.54 x 107 (mol/mol) corresponding
to EF(Hg) of 220 ug Hg/kg fuel based on Friedli et al. (2003b), from which both
ER (A[Hg]/A[CO] and EF(Hg) are available.

The advantage of the plume method is its integrative nature, averaging variation
in fire dynamics and fuel composition, and giving a relatively broad spatial coverage.
The disadvantage is the requirement for an instrumented aircraft on standby.

Table 8.1 Published molar enhancement ratios (ER) observed from fire plumes worldwide

Location ER (A[Hg]/A[CO]) Reference

Washington State (ac) (0.79 £ 0.04) x 107 Friedli et al. (2003b)
Pacific NW (ground) (1.46 £0.9) x 107 Weiss-Penzias et al. (2007)
Alaska (ground) (1.57 £ 0.67) x 107 Weiss-Penzias et al. (2007)
Quebec (ac) 2.04 x 107 Friedli et al. (2003a)
Quebec (ground) 0.86 x 107 Sigler et al. (2003)

South Africa (ground) (2.1 £0.21) x 107 Brunke et al. (2001)

South America (ac) (1.17 £ 0.15) x 107 Ebinghaus et al. (2007)
South America (ac) (2.39 £0.99) x 107 Ebinghaus et al. (2007)

where ac = aircraft measurements and ground = ground measurements
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The soil-based method applies to biomes where mercury resides predominantly

in the organic soil, i.e. boreal and temperate forests. It is based on the difference
in the mercury pools in organic soil in adjacent plots before and after a fire

Table 8.2 Emission factors (EF in ug/kg fuel) used in the emission calculations

Reference Method EF Range  EF Mean Notes? Fuel Burned?
Boreal Forest
Harden et al. (2004) S 0-138 69 Alaska, Conif. 2.5
Forest, (PB)
Friedli et al. (2003a) P 112 - 112 112 Quebec, Pine 2.5
Forest, (W)
Sigler et al. (2003) P 60 - 60 60 Quebec, Pine 2.4
Forest, (W)
Cinnirella & P 62-112 87 Siberia, (W) 5.6
Pirrone (2006)
Weiss-Penzias 136 - 278 207 Alaska, (W) 2.5
et al. (2007) P
Turetsky et al. (2006) S 90 - 297 193 Alaska, Upland, (W) 2.5
Turetsky et al. (2006) S 535-2417 1476 Alaska, Lowland, (W) 2.9
Mean 142 -488 315
Temperate Forest
Friedli et al. (2003b) P 54 - 172 113 Washington, Mixed 2.5
Forest, (W)
Brunke et al. (2001) P 78.7-163.4 121 South Africa, 2.5
Fynbos, (W)
Engle et al. (2006) S 80 - 204 142 California, Conif. 2.5
Forest, (PB)
Engle et al. (2006) S 88 - 196 142 Nevada, Coniferous 2.5
Forest, (W)
Biswas et al. S 168 - 348 256 Washington, Mixed 2.5
(2006, 2008) Forest, (R)
Biswas et al. (2007) S 296 - 1012 654 Wyoming, Coniferous 2.5
Forest, (W)
Biswas et al. (2007) S 144 -516 402 Wyoming, Aspen 2.5
Forest, (W)
Woodruff et al. (2001) S 80 - 80 80 Minnesota, (PB) 2.5
Mean 124 -336 239
Sage-Chaparral (Shrublands)
Engle et al. (2006) S 18.7-399 293 Nevada, Sage, W 1.84
Cinnirella & P 52.8-52.8 528 Mediterranean, W 1.25
Pirrone (2006)
Mean 358-464 41.1
Grasslands and Ag. Waste
Obrist et al. (2007) L 7.8-9.8 8.8 Rice straw
Friedli et al. (2008) L 39 6 South African savanna
Friedli et al. (2003) S 38 38 Oregon, Wheat 3.06
Mean 3-38 18

'"Type of method used, soil (S), plume (P), or laboratory (L)

2Type of fire, wildfire (W), prescribed burn (PB), Rex fire (R)

3in kg fuel m burned; used for EF(Hg) calculation. When nothing else was available, 2.5 kg fuel
m burned was assumed (based on Amiro et al. 2001). All others are from respective references.
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(Harden et al., 2004; Biswas et al., 2007, 2008; Engle et al., 2006; Turetsky et al.,
2006). In temperate or boreal forests, mercury resides >90% in the organic soil.
Since the above ground mercury fraction is only <10% of the total Hg pool, it was
neglected in the references given for boreal or temperate northern forests. Release
of Hg from the underlying mineral layer is also negligible (Engle et al., 2006). The
advantage of the soil-based method is that it requires only total mercury measure-
ments in the organic soil. The disadvantage is poor statistics because of large short-
and long-range spatial variability and inconsistent response to fire dynamics.

One direct comparison of the two EF(Hg) estimation techniques has been accom-
plished. Measurements in the fire plume from the Rex fire in Washington State were
made from an aircraft during the burn (Friedli et al., 2003b) and soil measurements
were made post-fire in adjacent burned and unburned sites (Biswas et al., 2000,
2008). As expected, the soil-based release estimate was higher, 6.4 + 1.1 g Hg ha
as compared to 2.9 + 2.2 g Hg ha! from the aircraft measurements. The available
references for both methods are combined in Table 8.2 and arranged by ranges
and means for different landscapes. The means are unweighted averages of all
measurements in each vegetation type. The uncertainties in the reported values
results from many contributions, including the influence of burn severity, inclusion
of measurements of all mercury species, paucity of measurement for all fuel types
(especially for grasses, shrubs and agricultural waste products) and uncertainties in
the emission factor estimation technique.

The amount of fuel burned during a fire is highly variable among different ecosystems,
and even within the same vegetation types (Amiro et al., 2001, French et al., 2004). Yet,
a value for fuel burned is needed to determine emission factors. The means from Table
8.2 were applied to the three land classifications used in the carbon emission model, i.e.
to tropical forests, extra tropical forests and non-forested land, and applied as indicated
in Table 8.3 to the regions selected for the carbon emission model.

8.2 Results and Discussion

8.2.1 Global Distribution of Carbon Emissions

The average monthly spatial distribution of carbon emissions from GFEDv2 are
shown in Figure 8.2 These represent the model-predicted mean seasonality of carbon
released from large-scale biomass burning during the most recent decade (1997-2006).
As has been noted in previous studies, the biomass burning activity across the globe
varies, depending on vegetation types and climate conditions, as well as fire cultural
patterns, which correlate well with agricultural practices and land use, particularly
in Africa, South America and Asia (e.g. Duncan et al., 2003). Globally, biomass
burning occurs at all times of the year, with a distinct peak in July-September and
a lower peak in December-February. A large fraction of this peak is due to fires in
Africa during the dry season. In Northern Hemisphere Africa, burning occurs in
winter dry season within the savanna ecosystems (e.g. Sahara desert and central



Table 8.3 Emission factors used in this report (in ug Hg/kg fuel)

Region Extratropical Non-Forest Tropical
BONA 315 41

TENA 242 41

CEAM 242 41 198
NHSA 242 41 198
SHSA 242 41 198
EURO 242

MIDE 41

NHAF 242 41 198
SHAF 242 41 198
BOAS 315 41

CEAS 242 41 198
SEAS 242 41

EQAS 41 315
AUST 242 41 198

Please refer to Figure 8.4 for definition of regions.

January (241 Tg Q) February (166 Tg C) March (162 Tg C)

(M Tg C month?
0.01 1 10

Figure 8.2 Average monthly carbon emissions for the period 1997-2006
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African rain forests). It begins in the Sahel in October and spreads south through
November with highest burning activity in December and January.

On the other hand, fires in the Southern Hemisphere Africa typically start in
the woodlands of Zaire and Congo by early June and continue to peak across the
southeast in the grasslands and shrub lands of Angola, Zambia and Tanzania during
August through September and Mozambique in October. A similar fire pattern
occurs in South America, mostly in the cerrados of Brazil and along the arc of fire
(or deforestation) in the Amazon rainforest, generally in August through September.

Fires in tropical Asia (Indonesia, Malaysia and the rest of Southeast Asia) are
highly variable and are usually associated with very dry conditions, like El Nifio
events, enabling land-owners to use fire more efficiently as a tool for land-clearing in
the region. Because of the large peat deposits in Indonesia that are exposed during
land-clearing, the carbon emissions in equatorial Asia is significantly high during El
Nifio years (e.g. 1997-1998). Burning typically occurs in March-April over Southeast
Asia and in August-October in equatorial Asia.

Fires in Central America peak during April to June mainly due to deforestation
and agriculture, while much of the bush fires in Australia occur in the shrub lands
in northern Australia and to some degree in southeast Australia during September
through December.

In the Northern Hemisphere temperate and boreal regions, a large fraction of
fires are caused by lightning. Boreal forest fires generally take place in May to
September when temperatures and lightning frequencies are high. Fires in boreal
Asia typically start in May around Mongolia and spread north in Siberia during
summer. Like equatorial Asia, fires in the boreal regions are also affected by droughts
and very dry conditions. For example, fires in Alaska, Canada and Siberia were
especially high in 1997-1998 and 2004 (e.g. Kasischke and Bruhwiler, 2002).
Consequently, releases of carbon are significantly high during these years also due
to characteristically higher fuel loads (e.g. soil organic carbon) in these regions.
Burning in western Russia and Europe is mostly associated with agriculture and
generally occurs during spring through fall, while burning in the continental U.S. is
associated primarily with forest wild fires and prescribed burning generally occurring
from June to September. Carbon release from biomass burning in the continental
U.S. is small relative to emissions from boreal forests in Alaska and Canada.

8.2.2 Global Distribution of Mercury Emissions

We present in Figure 8.3 and Table 8.4 the associated mercury emissions as
calculated in this work using carbon emissions as basis for biomass burning
activity (Section 2.6) and applying emission factors that we have compiled for the
globe (Section 2.7). Similar to Figure 8.2, the distribution represents the mean
seasonality for the period 1997-2006.

Overall, we find a strong correlation of mercury emissions with carbon emissions
from biomass burning shown in Figure 8.2, which as can be expected, highlights
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Figure 8.3 Average monthly mercury emissions for the period 1997-2006

Table 8.4 Mean seasonality of global mercury and carbon emissions (1997-2006)

Hg (Mg) Carbon (Tg) Burned Area (Mha)  Effective EF(ug Hg / kg fuel)

Jan 41 241 46 77

Feb 44 166 23 120
Mar 66 162 15 184
Apr 43 108 11 177
May 51 143 15 160
Jun 38 149 16 116
Jul 57 228 24 112
Aug 109 365 34 134
Sep 105 323 35 147
Oct 70 196 26 161
Nov 24 125 31 86

Dec 26 215 55 56
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the general influence of the spatio-temporal variability of global fire patterns to the
release in mercury from vegetation. In this work, the emission of mercury is a function
of burned area, fuel load, combustion completeness and emission factor, each of
which has its associated uncertainties.

A key finding of this exercise is the significant impact of fires in the boreal
region and in the tropical forests of Asia and South America, to the distribution of
mercury emissions across the globe. While we find that the majority of carbon
emissions can be attributed to fires in African savannas, our results for mercury
emissions show major contributions from equatorial Asia, boreal Asia and Southern
Hemisphere South America. The model also predicts a slightly different seasonal
peak in mercury emissions, which are strongest in August and March compared to
carbon emissions that are strongest in August and December. This is mainly due to
the strong influence of high emission factors for these forested regions and low
emission factors for fires in the savannas. In general, the fuel load and combustion
completeness (CC) are inversely related, with lower CC in areas with high fuel
loads (Section 2.5); hence having a compensating effect to emission estimates.
As a consequence, this effect highlights the sensitivity of the emissions to estimates
of burned area and assumed emission factors. Furthermore, this result indicates that
while uncertainties on estimates of carbon emissions from fires in savanna (as well
as burning from agricultural waste) play an important role, they are less significant
with regards to mercury.

In addition, we note that the major sources of mercury from fires occur in
regions where transport plays an important role in the distribution of atmospheric
mercury across the globe. In particular, mercury released from fires in equatorial
Asia and tropical South America can be transported to higher altitudes due to strong
convection in these regions and can then be dispersed efficiently over a larger area.
In a similar manner, mercury released in boreal regions can be injected at relatively
higher altitudes, thereby largely influencing the distribution of mercury in the Northern
Hemisphere middle to high latitudes.

8.2.3 Regional Estimates of Carbon and Mercury Emissions

We report in this section our estimates of carbon and mercury emissions from
biomass burning for different regions. Here, we used the regional divisions from the
carbon emission model (please refer to Figure 8.4) in generating a regional budget
for annual sources of carbon and mercury as shown in Figure 8.5 with corresponding
values in Table 8.5. This annual budget is an average for 1997-2006.

We estimate a global source of mercury from biomass burning of about 675 + 240
Mg yr!. As noted earlier, there is a distinct shift in regional contributions of mercury
emissions to the global budget relative to regional contributions of carbon emissions.
On a process level, we find a clear correlation of burned area with carbon emissions
(r=0.55) but not with mercury emissions, again indicating the dependency of mercury
emissions on variability in EF(Hg)’s.
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Figure 8.5 Average annual emissions of mercury and carbon (for 1997-2006)

The major sources of mercury come from equatorial Asia or EQAS (28%),
boreal Asia or BOAS (15%) and southern hemisphere South America or SHSA
(14%), and only in part from northern hemisphere Africa or NHAF (12%), southern
hemisphere Africa or SHAF (9%), southeast Asia or SEAS (8%), central America
or CEAM (4%) and Australia or AUST (3%). Temperate North America or TENA
(1%), boreal North America or BONA (3%), and central Asia or CEAS, northern
hemisphere South America or NHSA, Europe or EURO and Middle East (MIDE)
combined (2%) contribute little to the global budget.

This result has important policy implications with regards to assessing and
regulating the impact of mercury to ecosystems and human health. We note however
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Table 8.5 Regional emission estimates for mercury and carbon (1997-2006)

Burned Area  Effective EF

Hg (Mg yr') Carbon (Tg yr’) (Mha yr') (ug Hg/kg fuel)
Regions Mean SD Mean SD Mean SD  Mean
BONA 22 16 42 30 2 1 233
TENA 6 3 16 6 2 0 178
CEAM 22 25 56 61 3 2 175
NHSA 13 10 38 25 4 1 157
SHSA 95 39 294 97 12 2 145
EURO 2 1 14 5 2 1 72
MIDE 0 0 1 0 0 0 17
NHAF 83 13 618 74 141 13 60
SHAF 58 7 571 68 78 9 46
BOAS 99 83 170 124 9 5 263
CEAS 7 2 47 12 17 5 67
SEAS 57 35 144 84 12 5 177
EQAS 192 216 276 312 4 4 312
AUST 19 9 133 35 46 18 65
Global 675 240 2420 382 332 26 279
Boreal (BONA+BOAS) 121 85 212 128 11 5 248
Temperate 9 3 30 7 4 1 89
(TENA+EURO+MIDE)
Rest of the World 545 224 2178 360 316 26 134

# SD for standard deviation

that there is a significant variability (as shown from the error bars) throughout the
10-year period, particularly for EQAS. We further discuss the inter-annual variability
and comparisons with other regional estimates in the succeeding sections.

8.2.4 Inter-annual Variability of Mercury Emissions

Shown in Figure 8.6 are annual emissions for different regions during the 10-year
period chosen in this report. As can be seen, there is a large inter-annual variability
of mercury emissions across different regions, particularly in EQAS, SHSA, BOAS,
BONA and CEAM. There were large amounts of mercury released during the strong
El Nifio year of 1997-1998 and during drought conditions in 2003-2004. The bulk of
this inter-annual variability occurred in Indonesia where peat deposits were available
as fuel loads, as well as in boreal region and in deforestation regions of tropical
America. On the other hand, there is a more or less uniform contribution of mercury
emissions to the global budget from Africa for the 10-year period. The difference
in inter-annual variability is also reflected in the mean estimates discussed in the
previous section and is consistent with previous studies on biomass burning (e.g.
Duncan et al., 2003; van der Werf et al., 2006). Indeed, there is a clear indication of
a strong relationship between biomass burning, precipitation and temperature in
conjunction with fire practices in different regions.
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Figure 8.6 Annual mercury emissions for 1997-2006 (see map for region description)

On a regional scale, the interannual variability is significantly larger. This impact
can be seen for example from fires in boreal North America, where large amounts
of mercury were released during the extreme fire seasons of 1997-1998 and
2003-2004, relative to non-major fire years such as during 2000 (Turetsky et al.,
2006). This is consistent with observations of other trace gases like CO, where it
was observed that fires in Alaska contributed to poorer air quality in continental
U.S (e.g. Pfister et al., 2004).

8.2.5 Global Hg Emissions using Global CO Emission Estimates

An alternative approach to estimating mercury emissions from biomass burning is
to use data-constrained biomass burning inventories for trace gases. CO is highly
correlated with mercury in smoke plumes from biomass burning (e.g. Friedli et al.,
2003b). Inventories of CO from biomass burning have been compiled based on carbon
emission models and observed emission factors (bottom-up approach). More recently,
the availability of CO ground-based, airborne, and remotely-sensed measurements
provided stronger constraints for CO sources (top-down approach), particularly CO
from biomass burning which exhibits a large spatio-temporal variability.

Using a global average emission factor for mercury, as described in section 2.7,
we show in Table 8.6 our global estimates of mercury emissions based on various
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Table 8.6 Global Hg emissions based on global CO emission estimates

COYTg yr') Hg(Mg yr')
Bottom-up Approach
Andreae and Merlet, 2001 465 1023
Brunke et al. 2001 612 1346
Duncan et al. 2003 437 961
Ito and Penner, 2004 264-421 581-926
Hoelzemann et al. 2004 202-571 444-1256
Jain et al. 2006 438-568 964-1250
van der Werf et al. 2006 433 953
Top-down Approach
Bergamaschi et al. 2000 722 1588
Petron et al. 2004¢ 322 708
Arellano et al. 2006¢ 501-563 1002-1239
Muller and Stavrakou, 2005¢ 359 790

*climatological estimate
‘using an average EF of 220 ug Hg/kg fuel (see Table 8.1)
cuses CO coentration (or burned area) data for the year 2000

CO inventories. We note here that some of the inventories are based on carbon
emission models, but are constrained and updated by other independent datasets to
better match atmospheric CO concentrations. Even so, these inventories have
associated uncertainties, such as representation of CO transport in global chemical
transport models, which need to be accounted for. Estimates for global mercury
emissions range from (708 to 1346 Mg Hg yr'), which are higher than the 675+240
Mg yr! estimates derived from the GFEDv2 model and the selected EF(Hg),
confirming uncertainty and variability in the emissions. While this approach considers
a global emission factor for mercury along with a global CO emission estimate (and
oversimplifies the spatio-temporal heterogeneity), this serves as independent
general assessment of global mercury emission estimates and its uncertainties.

8.2.6 Comparison with Other Regional Emission Estimates

The essence of this work is the application of a globally consistent model to build
up fuel pools and to estimate the carbon release resulting from combustion, to
follow the process by remote sensing techniques and combine the carbon emissions
with mercury emission factors, EF(Hg), to estimate global mercury emissions. Our
model approach has limitation in fire detection and carbon emission uncertainties
and does not always reflect regional fire practices, e.g. differences between wildfire and
slash and burn fires. At this stage of sophistication, it would be unreasonable to
expect full agreement with regionally collected estimates. However, global estimates
appear to be reasonable as indicated by the fact that carbon and CO based approaches
give similar results. In the following paragraph we compare results from the GFEDv2
model and literature values for the same regions. Shown on Table 8.7 are the key
parameters used in our estimates and those from the literature.
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Table 8.7 Comparison of estimates of carbon (C) and mercury (Hg) emissions with literature

Fuel Burned Effective EF

Hg C Burned Area (kg m-2) dm ug Hg kg dm
Regions (Mg yr') (Tgyr'y  (Mhayr')y  (normal) (normal)
Mediterranean’
This work 2.30 9.9 1.87 1.2 104
Cinnirella et al. (2008) 4.3 17.3 0.3 12.4 112
Russia®
This work 100 + 83 177+ 124 1149 3.54 254
Conard & Davidenko (63) 82.1 7.3 2.5 345
(1996)
Lavoué et al. (2000) 13.4-31.0 40.5 3.6 2.5 124-345
Cinnirella & Pirrone 133+ 105 5292 2.1+1.7 5.6 112
(2006)"
Cinnirella & Pirrone 16.1£73 115.83 39+1.8 6.6 112
(2006)*
China’
This work 222+058 78x15 19x0.5 0.93 127
Streets et al. (2005) 10.9 82.1 60
USA*
This work 72+22 26+ 11 2.33+0.7 2.5 123
Wiedinmyer & Friedli 20.3 (43) 40.1 3.7 24 228
(2007)
Amazon®
This work 108 54 145-157
Michelazzo et al. (2008) 8.7-90 10.6 50/61

for year 2006, with regions as described by Cinnirella et al. (2008)

2average for 1997-2006, with regions as described by Cinnirella and Pirrone, (2006)
Saverage across 1997-2006, with regions as described by Streets et al. (2003)

*average across 2002-2006, with regions as described by Wiedinmyer and Friedli (2007)
Saverage across 1997-2006, with SHSA region as defined in Figure 8.4

*from ground-based data for 1996-2001

*from remote-sensing data for 1996-2002

Mediterranean: The estimate from Cinnirella et al. (2008) for mercury release
from the Mediterranean region is 4.3 Mg for the year 2006. This is about 80%
higher than our estimate of 2.3 Mg for the same period. The difference is propor-
tional to the ratio of in carbon emissions from the two estimates. The carbon
emission value of Cinnirella et al. (2008) is the result of very low burn areas and high
values for fuel burned m™ which yield compensated values for carbon emissions.
Here is a case where burn areas and fuel burned vary by factors 6-10, while the
mercury emissions are within a factor of <2 because the EF(Hg) used are closely
similar, 112 versus 104.

Russian Federation: Here the comparison is complicated because burned area
(Mha yr'), fuel burned (kg m?) vary significantly, and different EF(Hg) have been
used. The value given in parenthesis for Conard and Davidenko (1996), 63 Mg, is a
calculated value based on the boreal forest EF(Hg) of 345 ng Hg/kg (dm). Recently,
Sukhinin et al. (2004) reported a burned area estimate, similar to Conard and
Davidenko (1996) for the period 1995-1997. They indicated that their estimate is
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still conservative given the shortcomings of a satellite-based approach to observe
burned scars. Yet, their estimate is a factor of 2-5 higher than the reports from the Russia
Federal Forest Service (RFFS), which Sukhinin et al. (2004) suggested to be an
underestimate due to limited regions monitored by RFFES (i.e. there are uncontrolled
and undocumented fires in unprotected zones). These regions have been decreasing
in recent years due to fire suppression. As mentioned in the previous section, the
GFEDV2 burned area is higher than Sukhinin et al. (2004). It is however, significantly
lower relative to ground-based and satellite-based estimates by Cinnirella and
Pirrone (2006) and climatological estimate by Lavoué et al. (2000). We note that
the period of the data comparison is slightly different, and may in part, account for
the discrepancies. The rest of the difference can be attributed to differences in
fuel burned and EF(Hg)’s, which in some cases, have compensating effects to
the estimates in Hg emissions.

China: There is a discrepancy between our and the Streets and al. (2003, 2005)
assessments because of a 10 fold difference in burn areas for forest and grassland
fires as well as burning of crop residues and agricultural wastes. Here is a case
where methodology limitations may play the decisive role: the GFEDv2 model may
underestimate significantly the extensive and frequent crop residue fires. However,
the burn areas for forest and grassland fires by themselves are also in doubt. Yan
et al. (2006) claimed that Streets et al. overestimated burn areas taken from 1950-1992
by a factor of 10. They reported that the burned area in recent decades had decreased
dramatically relative to the averaging period (1950-1992) used by Streets et al
(2003) (as much as a factor 10) due in part to fire suppression. We note that the bulk
of the estimate in carbon as well as in mercury in China is attributed to crop residue
burning rather than forest and grassland fires. This highlights the importance of
applying appropriate EFs and points out the limitation of GFEDv2 (and other
satellite-derived estimates) to detect small-scale biomass burning.

USA: In this case, the inputs for the two studies, GFEDv2 and that used by
Wiedinmyer and Friedli (2007), i.e. burn area, fuel burned, are in reasonable agreement
and lead to correspondingly reasonable agreements in carbon emissions. Discounting
the difference in EF(Hg) used in the two calculations, there is still a factor of two
difference in mercury emission, which must be attributed to the model assumption
differences, not yet understood. The average mercury emission calculated by the
two models are 20.3 and 43 (range 20-65) Mg Hg yr!, much larger than the 7.2 + 2.2
Mg Hg yr! calculated with GFEDv2 model.

Amazon: This is an example where the application of GFEDv2 may be of limited
use because of poor fire detection and burn area assessment for small-scale fires,
smoke obscuration and incorrect assumptions about fuel consumption. In the slash
and burn operations as practiced in the Amazon the amount of fuel burned is much
higher, e.g. 10.6 kg m? as reported by Michelazzo et al. (2008), compared to 5.4 kg
m? mean fuel consumption assumed in the GFEDv2 model for SHSA. The experimental
EF(Hg)’s are 61.0 and 50.4 pg Hg kg™! for 2005 and 2004, compared to the 1997-2006
averages of 145-157 ug Hg kg'! estimated for the GFEDv2 model. Earlier estimates
for SA slash and burn mercury emissions range from 8.7 to 90 Mg Hg yr',
compared to our estimate of 108 Mg Hg yr! for all of NHSA and SHSA.
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8.3 Future Work

The highest priority for additional research is the reduction of uncertainties, both in
carbon emissions and EF(Hg). In the carbon emission model all uncertainty sources,
i.e. fire detection and burn area measurement, inclusion of all affected fuels in all
biomes, and combustion completion for all fuels are to be addressed. A specific
concern is for regions that are inadequately described in terms of vegetation speciation
and fire behaviour, or exhibit unusually large uncertainties. A new opportunity is the
inclusion of the fire dynamics data becoming available from satellite measurements
(Roberts and Wooster, 2007). Validation with ground based statistics needs to
continue, and the advances in remote sensing promise further progress and insights.
Emission models are indispensable for unbiased global comparisons, although local
areas may not always be correctly represented in a global model.

The EF(Hg) are more poorly defined than carbon emission uncertainties.
Refinement in measuring techniques, conceptual understanding, and above all,
more regional measurements are needed. Most available data is from Europe and
North America, both minor contributors to global mercury emissions from biomass
burning. EF(Hg) from the large carbon emitters, NHAF, SHAF, EQAS, SHAM
and BOAS, are very sparse or non-existing. New data should include ground and/or
plume measurements using ER or EF determinations. One area poorly understood
is the effect of fire dynamics on mercury release in different biomes: e.g. mercury
speciation in plumes burning in different biomes under flaming and smouldering
conditions. A comprehensive biogeochemical model for mercury in forested areas
would provide an understanding of the source/sink balance and thus mercury
accumulation or loss in an ecosystem. Such models could then be coupled with
carbon emission models and become components of an earth system model. It would
also be useful to project climate change impacts. The interaction of fire with fuels
and the consequences for mercury release must be better understood. This is
particularly true because the mercury and carbon distribution is dramatically different
among ecosystems. One of major unknowns is the emission expectations for forests
with and without large carbon and mercury reservoirs. For Mediterranean vegetation,
savannas, grass lands and agricultural waste, the assessment of above ground fuels
by remote or ground-based measurements likely is sufficient to includes all fuel
involved in mercury emission. By contrast, in temperate and boreal forests, most
mercury is contained in organic soils, which dominate the mercury emissions to
variable degrees, depending on fire severity. The role of the top few cm of soil in
different landscapes is of paramount importance to mercury emission behaviour.
Other possible options to obtain EF(Hg) result from the strong research interest and
available data on particulate emissions from biomass burning: i.e. PM2.5, total
carbon, organic carbon, total particulate matter, which, combined with mercury
assays of the particulates, can yield independent EF(Hg). The fate and transport of
emitted mercury is difficult to define because of the regionally different injection
heights which lead to unique plume trajectories and associated chemistries and
deposition. Some case studies for effluents from the major burn regions, e.g. Africa,
Southeast Asia or Siberia, would be useful.
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8.4 Policy Implications

Mercury in vegetation and organic soils originates largely from the deposition from
the global atmospheric pool and thus must be of global concern. The release of
mercury from biomass burning is partially under direct human control. Limiting
the burning of tropical and boreal forests (EQAS, SHSA, BOAS) would have two
beneficial effects: reducing the source of mercury releases to the atmosphere from
burning, and maintaining a sink for atmospheric mercury in the vegetation and
organic soil. Restricting the global release of anthropogenic mercury over time
would reduce the atmospheric and vegetation/soil pools and thus the release potential
in case of fires. Warming as a result of climate change will be felt particularly in
boreal forests (Randerson et al., 2006), which harbour huge carbon and mercury
pools, and may experience more frequent, larger and more severe wildfires.
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Summary This chapter presents a review of atmospheric mercury measurements
(as total and as speciated mercury) conducted at terrestrial sites during the last
decade. A large number of activities have been carried out in different regions
of the world aiming to assess the level of mercury in ambient air and precipita-
tion, and its variation over time and with changing meteorological conditions.
Recent studies have highlighted that in fast developing countries (i.e., China,
India) mercury emissions are increasing in a dramatic fashion due primarily to a
sharp increase in energy production from the combustion of coal (Chapter 2 by
Street et al.; Chapter 3 by Feng et al. in this report). The large increase in mercury
emissions in China over the last decade are not currently reflected in the long-
term measurement of total gaseous mercury at Mace Head, Ireland between 1996
to 2006, nor in the precipitation data of the North American Mercury Deposition
Network (MDN). There are documented recent increases in the oxidation potential
of the atmosphere which might account, at least in part, for the discrepancy between
observed gaseous mercury concentrations (steady or decreasing) and global mer-
cury emission inventories (increasing). This chapter provides a detailed overview
of atmospheric measurements performed at industrial, remote and rural sites dur-
ing the last decade with reference to the monitoring techniques and location of
monitoring sites in most of the continents.

9.1 Introduction

This chapter provides up to date information of currently available data of mercury
concentrations (as total and as speciated mercury) observed at terrestrial sites.
As elemental mercury is a semi-volatile contaminant it continuously cycles
between the atmosphere, ocean and soil. The biogeochemical cycling can be
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affected by natural and anthropogenic variables and forcing. Mercury is emitted
into the atmosphere from a variety of anthropogenic (e.g. power generation facilities,
smelters, cement production, waste incineration and many others) (Pirrone et al.,
1996; Pirrone et al. 1998; Pirrone et al., 2001) and natural sources (e.g., volcanoes,
crustal degassing, oceans) in different chemical and physical forms (Pacyna et al.,
2001; Carpi, 1997). Its cycling between different environmental compartments
depends on the rate of different chemical and physical mechanisms (i.e., dry
deposition, wet scavenging) and meteorological conditions which affect its fate
in the global environment. Both source categories, i.e. anthropogenic and natural,
contribute to the global atmospheric pool. It has been suggested that due to inten-
sified anthropogenic release of mercury into the atmosphere since the beginning
of industrialization this global pool has increased in the past 150 years. Evidence
of long-term changes in the atmospheric mercury burden can be derived from
chemical analysis of lake sediments, ice cores and peat deposits (Engstrom and
Swain, 1997; Bindler et al., 2001; Biester et al., 2002; Lamborg et al., 2002).
A growing number of these records from both hemispheres demonstrate about a
threefold increase of mercury deposition since pre-industrial times (Lindberg et al.,
2007 and references therein).

In principle, an increase in the global atmospheric pool should also be
reflected in the background concentration. Since first reliable measurement data
were published about 3 decades ago it is extremely difficult to derive a multidec-
adal global trend estimate based on these spatially and temporally inchoate air
concentration data sets. For example, Asian mercury emissions are suggested to
be rapidly increasing at least in the past decade however, this is neither reflected
in the long-term measurement of TGM at Mace Head, Ireland covering the
period between 1996 to 2006, nor in the precipitation data of the North American
Mercury Deposition Network (MDN) (Lindberg et al., 2007 and reference
therein).

In 1995, Fitzgerald argued for and defined the basic requirements of an
Atmospheric Mercury Network (AMNET). This has partly been accomplished on
a regional scale within the Canadian Atmospheric Mercury Network (CAMNet)
that may be considered as seminal in this respect. Nevertheless, although atmos-
pheric Hg monitoring stations have increased, the database is sparse, especially in
remote locations. Fully aware of these constraints, Slemr et al. (2003) attempted to
reconstruct the worldwide trend of atmospheric Hg (TGM) concentrations from
long-term measurements of known documented quality at 6 sites in the Northern
Hemisphere, 2 sites in the Southern Hemisphere, and multiple ship cruises over the
Atlantic Ocean made since 1977. The authors interpreted this information to sug-
gest that the TGM concentrations in the global atmosphere had been increasing
since the first measurements in 1977 to a maximum in the late 1980s, after which
Hg concentrations decreased to a minimum in 1996 and then remained constant at
a level of about 1.7 ng m? in the Northern Hemisphere. It was also hypothesized
that the observed temporal profile was primarily the result of the trends in global
Hg use, supply, and emissions.
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Lindberg et al. (2007) have pointed out a number of reasons to support the null
hypothesis (i.e., there has been little change in TGM since 1977). If one particular
monitoring station would be excluded from the evaluation then the data suggest there
has been little change in TGM levels in the atmosphere between 1977 and 2002.
Additional support for the null hypothesis is provided by TGM measurements for the
Southern Hemisphere. TGM results for the Southern Hemisphere do not suggest that
there has been much change in TGM levels in the global remote atmosphere over the
past 25-30 years. Although it may appear that these competing hypotheses on atmospheric
TGM levels in recent times would be disconcerting, this situation is not unusual and
often aids the development of research strategies. For example, the value of long-term
atmospheric Hg monitoring stations and the need for additional sites is obvious, espe-
cially in the remote Southern Hemisphere (Lindberg et al., 2007).

General scientific consensus exists about the current global background concentra-
tion that refers to the average sea-level atmospheric Hg® at remote sites. The background
concentration is currently taken as ca. 1.5 to 1.7 ng m? in the Northern Hemisphere
and ca. 1.1 to 1.3 ng m? in the Southern Hemisphere (Lindberg et al., 2007).

9.1.1 Quality of Data / Field Intercomparisons

Field intercomparisons of atmospheric mercury measurements have been carried
out at different locations and with different objectives:

* an intercomparison at Windsor, ON, an urban site in Canada mainly focussing
on the comparability of classical manual methods with newly available auto-
mated analysers (Schroeder et al., 1995)

* an intercomparison at Mace Head, a marine background site in Ireland including
a comprehensive set of coeval methods for the analysis of different mercury
species in air and precipitation (Ebinghaus et al., 1999)

* an intercomparison at Sassetta, a rural site in Tuscany, Italy mainly focussing on
the comparability of novel techniques for atmospheric mercury species (Munthe
et al., 2001)

All 3 intercomparison exercises have revealed that the measured concentrations of
TGM showed good agreement between the participating laboratories. At Mace
Head it was additionally demonstrated that the comparability of total mercury con-
centrations in precipitation was satisfactory as well.

During the Mace Head and the Sassetta intercomparisons it could furthermore
be shown, that much higher differences are involved when atmospheric mercury
species (namely RGM and TPM) are measured however, it was also demonstrated
that the repeatability of similar methodologies increased over time. One major
conclusion derived from these studies is that good agreement of TGM concentra-
tions in air determined with different techniques, including manual techniques dating
back to the 1970s, makes a combination of data sets from different regions of the
world feasible (Ebinghaus et al., 1999).
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9.2 Measurements of Air Concentrations in North America

9.2.1 Measurements of Air Concentrations in Canada

Currently, most measurements of gaseous atmospheric Hg in Canada are made
using a Tekran 2537A Mercury Vapour Analyser (Tekran Inc., Toronto). This
instrument concentrates gaseous phase Hg by amalgamation onto gold cartridges,
with subsequent thermal desorption and detection of Hg® by cold vapour atomic
fluorescence spectrophotometry (CVAFS). This automated measurement system
compares well with other manual methods operating on the same principal, commonly
used to measure atmospheric Hg (Ebinghaus et al. 1999). A Standard Operating
Procedure for detection of TGM in ambient air is available (Steffen & Schroeder
1999). The unit used in Canada to express the concentration of mercury measured
by this technique is nanograms per standard cubic metre of air, abbreviated ng m,
where the volume referred to is at the standard temperature and pressure of 0°C and
1 atm. The Tekran analysers are operated between a 5 and 30 minute integrated
sampling interval, dependent on the site.

Definitions: Hg% Gaseous Elemental Mercury, RGM: Reactive Gaseous
Mercury, i.e. non-elemental gas phase mercury, PM: mercury bound to particles,
MDN: mercury in precipitation (mercury deposition network, only wet deposition
measured at this time). The above is the coarsest level of “speciation” that we currently
work with. TGM: Total Gaseous Mercury.

9.2.1.1 Remote Locations

Much of the area of Canada is remote from anthropogenic mercury sources. Several
of the network sites, described in Sections 9.2.4 below, are situated in remote locations,
called background sites; measurements are made at these sites to characterize the
mercury present in the atmospheric environment far from anthropogenic inputs.
In addition to the network sites and the far Arctic site in Alert, measurements have
been made at the two additional sites in remote locations, Kuujjuarapik and Mingan.

9.2.1.2 Urban Locations (Including Mining Areas)

During a brief study in summer 2000, the levels of TGM were measured at two
locations in downtown Toronto. The TGM concentrations ranged from 1.3 to 50 ng m’,
with values >3 ng m seen more frequently than in rural areas. Local sources affect
the urban sites with short periods of high air Hg concentrations. More frequent
observations of high concentration episodes of Hg in precipitation (>20 ng L)
were found at sites closer to urban centres, e.g., Reifel Island which is close to
Vancouver, Egbert in close proximity to Toronto and Barrie, and St. Anicet which is
close to Montreal, than at more remote locations, e.g., Mingan, Cormak and Kejimkujik
Park . The increased anthropogenic activity associated with highly populated areas
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may result in increased air concentrations of RGM and PM which can be more
readily incorporated into cloud water and precipitation, as will be discussed below.
The Banic et al. (2003) sampling flight compared the TGM in the urban plume from
Montreal to the ambient concentrations; concentrations in the urban plume reached
2.5 ng m? compared with the ambient background of 1.5 ng m?. The urban plume
was observed at altitudes up to 1.25 km.

The TGM concentration was monitored at 2 mine tailing sites in eastern Nova
Scotia, Canada (Beauchamp et. al. 2002). The Caribou Mines and Goldenville tailing
sites are remnants of gold mining activities which began in the mid 1800’s and continued
up to the late 1930’s. The gold bearing ore was brought to the surface and crushed in
stamp mills located on site then gold was extracted using the mercury amalgamation
process. Mercury contaminated tailings were then disposed of in lakes and ponds
which now form flat expanses of tailings with surface areas up to a square kilometre
and depths up to several meters. The concentrations of TGM in near surface ambient
air (10 cm above the mine tailings) at the Goldenville site remained above 2 ng m?
throughout the diurnal cycle reaching a maximum 8.1 ng m with a 24 hour average
concentration of 3.5 ng m. Gaseous elemental mercury concentrations in ambient air
at the same height above the Caribou Mine tailings averaged 8.4 ng m= with minimum
and maximum concentrations of 3.2 and 23.0 ng m?, respectively. Ambient TGM
concentrations over legacy gold mine tailings remained well above regionally
representative background ambient air concentrations of 1.5 ng m?. Additionally,
measurements of air-surface exchange of mercury from tailings from legacy gold mine
activity in Nova Scotia which used mercury amalgamation processes have shown
emissions 2 orders of magnitude higher than those observed from undisturbed sites.

9.2.1.3 Temporal Trends at Single Locations

In an example of a model study of processes the comparison of the measured con-
centrations and simulated Hg concentrations (GRAHM model from Dastoor &
2004) are shown for the CAMNet site Egbert. In this study the natural emissions
and re-emissions of Hg were set to zero and the anthropogenic emissions were set
to a constant rate throughout the year. The meteorology and surface characteristics
varied with season (i.e., seasonal circulation patterns and the seasonal cycles in the
boundary layer heights, clouds, precipitation and dry deposition characteristics).
The results show the extent to which seasonal variation in the TGM concentrations
can be driven by meteorological differences

9.2.1.4 Monitoring Networks and Trends

The Canadian Atmospheric Mercury Measurement Network (CAMNet, www.msc.
ec.gc.ca/ arqp/ camnet_e.cfm) was established in 1996 to provide accurate, long-term
measurements of TGM concentration and the Hg deposition in precipitation (wet
deposition) across Canada. A map of the CAMNet sites is shown in Figure 9.1.
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Figure 9.1 Sites in the Canadian Atmospheric Mercury Measurement Network (CAMNet)

The mid-latitude sites will be discussed here, with the Arctic site Alert discussed
elsewhere because of different behaviour. The mid-latitude sites are located in
background or rural areas, with the latter occasionally impacted by emissions from
urban areas. Wet deposition is measured at the CAMNet sites as part of the Mercury
Deposition Network (MDN), which includes sites in the United States, Canada and
Mexico (http://nadp.sws.uiuc.edu/mdn/). The sampling and analytical methods
adhere to the CAMNet Standard Operating Procedure and the USA- National
Atmospheric Deposition Network (NADP)-MDN sampling protocol.

An overall average median atmospheric concentration for TGM of 1.60 + 0.15
ng m> for the ten Canadian sites was calculated for the years 1997-1999 by averag-
ing together the site medians (Kellerhals et al. 2003). Higher variability of TGM
concentrations at the sites in closer proximity to large urban areas appeared to be
caused by the alternating exposure of these sites to anthropogenic TGM emissions,
depending on wind direction and atmospheric mixing.

Kellerhals et al. (2003) observed that a slight seasonal trend for TGM was seen
with higher concentrations observed in winter and spring, and lower concentrations
in summer and fall. This is further demonstrated for all years of CAMNet data in
Table 9.1. Several factors might contribute to this behaviour (Blanchard et al., 2002),
including differences in meteorological conditions and scavenging processes between
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Table 9.1 Characteristics of the sampling sites and time periods for the Canadian
atmospheric sampling sites

Latitude Longitude Altitude

Station Code Province (deg) (deg) (ma.s.l.))  Period

Alert ALT NU 82.50 -62.33 210 01/95-12/05
Kejimkujik KEJ] NS 44.43 -65.21 127 01/96-12/04
St. Andrews STA NB 45.09 -67.08 80 01/96-12/04
St. Anicet WBZ QC 45.12 -74.28 49 01/97-12/05
Point Petre PPT ON 43.84 -77.15 75 11/96-12/05
Egbert EGB ON 4423 -79.78 251 12/96-12/05
Burnt Island BNT ON 45.81 -82.95 75 05/98-12/05
Bratt’s Lake BRL SK 50.20 -104.72 577 05/01-12/05
Esther EST AB 51.67 -110.20 707 06/98-04/01
Fort Chipewyan FCH AB 58.78 -111.12 232 06/00-07/01
Reifel Island RFL BO 49.10 -123.17 2 03/99-02/04

a.s.l. above sea level

summer and winter (e.g., reduced mixing heights and higher wind speeds in winter,
increased oxidation and larger removal from the atmosphere by wet and dry deposi-
tion during warmer months). The seasonal variability observed at the surface will be
influenced by changes in the total atmospheric column burden of Hg®.

Seven of the 10 CAMNet sites experienced a cycle of maximum concentrations
near solar noon (1000 to 1400 local standard time (LST)) and minimum concentra-
tions in the early morning hours (0300 to 0700 LST) (Kellerhals et al. 2003).
The cycle at the CAMNet sites was attributed to nighttime depletion of TGM in
the lowermost atmosphere. Overnight a shallow TGM-depleted layer is formed in the
nocturnal inversion layer. Shortly after sunrise there is a rapid increase in near-surface
TGM concentration as the nocturnal inversion breaks down and undepleted air is
mixed down to the surface. The continued increase in TGM concentration through
the morning and into the early afternoon is likely caused by emission of TGM from
the surface, which has been observed to increase with increasing solar radiation
(Poissant & Casimir 1998).

Long-term monitoring data TGM concentrations from 11 CAMNet sites between
1995 and 2005 were analysed for temporal trends, seasonality and comparability
within the network. A statistically significant decreasing trend for TGM concentrations
at several rural CAMNet sites was seen for the time period 1995 to 2005 (Table
9.2). The largest declines were observed close to the urban areas of Toronto and
Montreal, where levels fell by 17% at Point Petre, and 13% at St. Anicet, respectively.
Many of the TGM changes are comparable with the overall trends of total mercury
concentrations in precipitation, for similar time periods, at collocated or nearby
National Atmospheric Deposition Program’s Mercury Deposition Network (NADP-
MDN) sites. Results show that these changes are mostly driven by local or regional
changes in mercury emissions. Other sites within CAMNet reflect reported changes
in hemispherical global background concentrations of airborne mercury, where
slight decreases or no statistically significant trend in TGM concentrations exist
over the same time period.
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Table 9.2 Statistical summary of TGM measurements at CAMNet sites

Lower  Upper
Days Mean Median Min Max quartile quartile  SD

Station #) _ (ngm’) (ngm?) (ngm?’) (ngm?) (ngm?) (ngm’) (ngm’)
Alert 3603 1.55 1.58 0.03 3.12 1.45 1.73 0.37
Kejimkujik 3168 1.45 1.46 0.54 2.30 1.31 1.59 0.21
St. Andrews 2774 1.42 1.40 0.74 2.46 1.26 1.57 0.23
St.Anicet 3164 1.64 1.60 0.92 16.31 1.44 1.79 0.40
Point Petre 3275 1.78 1.73 0.80 4.26 1.55 1.93 0.34
Egbert 3207 1.67 1.66 0.95 6.90 1.50 1.80 0.27
Burnt Island 2680 1.58 1.58 0.99 2.48 1.43 1.72 0.21
Bratt’s Lake 1424 1.53 1.52 0.79 2.68 1.38 1.64 0.24
Esther 878 1.65 1.65 1.19 2.14 1.54 1.75 0.15
Fort Chipewyan 305 1.36 1.35 0.95 1.77 1.28 1.47 0.15
Reifel Island 1642 1.67 1.67 0.91 2.92 1.56 1.79 0.19
Category (median of stations)

R-W 2612 1.60 1.60 091 2.56 1.48 1.71 0.20
R-E 3263 1.43 143 0.88 2.09 1.31 1.56 0.19
R-A 3342 1.68 1.67 1.11 2.99 1.52 1.81 0.22
R-C 2680 1.58 1.58 0.99 2.48 1.43 1.72 0.21
ALL 3959 1.58 1.58 0.21 2.75 1.48 1.68 0.17

R-W = RURAL-WEST (RFL, EST, FCH, BRL);
R-E = RURAL-EAST (KEI, STA);

R-A= RURAL-AFFECTED (WBZ, PPT, EGB);
R-C= RURAL-CENTRAL (BNT)

The following statistical analysis was applied using available daily averaged
TGM concentrations from all sites. The application of a seasonal decomposition
method was used to isolate a long-term systematic trend, regular seasonal effects,
perennial irregular (or cyclical) variations and remaining uncertainties. Detailed
information about seasonal decomposition can be found in Temme et al. (2004).
This method was performed for all sampling sites with a minimum of five complete
years of observations. The regression coefficient and the linear slope were tested for
significance using the T-test (p<0.01) and if p>0.01 then the correlation was marked
as non-significant. Daily averages from the year 2000 were chosen for Principal
Component Analysis (PCA) because that year offered the most complete spatial
information, i.e. data from most stations were available for 2000. Bratt’s Lake is the
only CAMNet site which started its measurements after 2000 and is not included in
the PCA. The first two principal components explained more than 50% of the total
variance in terms of the spatial differences. The components reflect the seasonality
in the annual data (factor 1) and the influence of local sources, which can include
anthropogenic, natural or re-emission from water surfaces (factor 2). Analysis isolated
the sites expected to be most significantly impacted by nearby sources in the Great
Lakes Basin and St. Lawrence River Valley (rural-affected sites). Sites were also
divided into eastern (RURAL-EAST) and western sites (RURAL-WEST).

The RURAL-AFFECTED category shows the highest overall median TGM
concentration (1.67 ng m*) and the highest variability of all categories for the entire
time period. The three corresponding sites Point Petre, Egbert and St. Anicet also
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showed substantially higher maximum concentrations (4.26 ng m3, 6.90 ng m>,
16.31 ng m? respectively) than all the other sites. Both the categories RURAL-
WEST (RFL, EST, FCH, BRL) and RURAL-AFFECTED (WBZ, PPT, EGB)
reveal significantly higher overall median concentrations than the RURAL-EAST
(KEJ, STA), RURAL-CENTRAL (BNT).

TGM concentrations at all the CAMNet sites (mean = 1.58 ng m*) were similar
to or slightly lower than those observed at European background sites within a
comparable time frame. Seasonal variations of TGM concentrations are observed
for all sites. Most sites show higher concentrations in winter and spring, and lower
concentrations in summer and fall, which is reflected in the corresponding summer/
winter (SUM/WIN) and spring/autumn (SPR/AUT) ratios for each station and category.
The time series at Fort Chipewyan does not include enough data to support any
conclusions about seasonality. The exception to these findings is observed at Point
Petre where the SUM/WIN ratio is > 1; although not statistically significant at Point
Petre. The differences between summer and winter median concentration ratios are
the highest at the RURAL-EAST (SUM/WIN = 0.88) and RURAL-CENTRAL
(SUM/WIN = 0.85) sites where a minimum monthly median TGM concentration
was observed in September and a maximum in February.

9.2.1.4.1 Trend Analysis

The seasonal decomposition technique was applied to the original daily averages.
The same procedure was applied to all other sites and categories containing a minimum
of 5 complete years of observations. For sites (e.g. RURAL-WEST) where less than
5 years of data were available, a simple linear regression was applied to the original
time series. The resulting overall and annual rates of change in mercury concentration
after seasonal decomposition and linear regression are listed in Table 9.3. Missing data
in the time series were replaced by interpolation prior to time series analysis.
Therefore the number of days in Table 9.3 often exceeds the number of reported
daily averages in Table 9.2. Inter-annual and overall changes are given in ng m?
absolute and as a percentage in respect to the starting intercept, respectively.
Statistically significant regression coefficients and slopes, i.e. slope and regression
coefficients that were significantly different from 0 (p<0.01) are indicated in the
last column. Sites are marked with an asterisk when seasonal decomposition was
not done or the results were uncertain. Trends for the shorter and sometimes incom-
plete time series for the individual RURAL-WEST sites can not be determined with
the same significance as the other sites and were also marked with an asterisk. This also
leads to an uncertain overall change for this category. However these time series
were incorporated into the “ALL” category.

From the data considered valid within the constraints of the seasonal decomposi-
tion and data coverage, five sites showed significant decreases (between —2.2% and
—16.6%) in the TGM concentrations over the corresponding time period. The only
exception was the slight positive trend at Kejimkujik where an overall +3.3% change
is evident between 1996 and 2004. For the first time since continuous automated
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TGM measurements were initiated in North America, Asia and Europe (Kock et al.,
2005, Kim et al., 2005), this paper reveals a statistically significant decreasing trend
of TGM concentrations from rural locations in Canada between 1995 and 2005. This
decreasing trend can be seen with differing intensity at nearly all CAMNet sites and
categories, indicating a large spatial distribution of this overall decrease.

9.2.1.4.2 Comparison Between Air Data and Wet Deposition
of Mercury in North America

The NADP-MDN network has been operating since 1996 (http://nadp.sws.uiuc.
edu/mdn/), with measurements made in Canada as part of CAMNet. The trends of
mercury concentration in precipitation from these sites were analyzed using the
non-parametric Seasonal Kendall Trend Test (Gilbert, 1987). At the sites that are
co-located with, or located in areas near, the CAMNet sites, decreasing trends in
MDN concentrations were generally found although there are numerous sites with
no statistical significant trends.

Comparisons of the TGM trends and the precipitation concentration trends were
made at 4 Canadian sites (St. Andrews, Kejimkujik, St. Anicet and Egbert with site
codes NB02, NSO1, PQ04 and ONO7, respectively) where collocation of TGM and
MDN measurements occurs (see Table 9.4). At Kejimkujik where 9 years of MDN
data have been collected, concentrations of mercury in precipitation are strongly
decreasing (-17.7% overall) whereas TGM is increasing during the same time
period (+3.3% overall). At St. Andrews where 7 years of MDN data have been
collected, both Hg in precipitation (-13.4%) and TGM (-7.4%) are decreasing.
At Egbert, TGM is decreasing slowly, but the co-located and closest MDN sites
show no significant change. The co-located MDN site at St. Anicet and nearby
MDN stations show good agreement between both the annual and total changes
over an 8-year period. St. Anicet has large TGM annual decreases at about -1.5%/
year, while three area MDN locations show similar annual changes of between -1.5
to -1.8%. At the other CAMNet sites, there is no co-location with MDN (Burnt
Island and Point Petre, Fort Chipewyan) or a data record of less than 5 years (Reifel
Island, Bratt’s Lake and Esther).

For the MDN sites used in this comparison with significant trends observed (as
listed in Table 9.4), the averaged trend is -0.15 ng L' yr'. Applying this averaged
trend over 10 years (i.e. 1996-2005), with a median total mercury concentration in
precipitation of 10 ng L' (as observed for this time period for these sites), leads to
an approximate change of -15%. This observed change in mercury concentration in
precipitation is in good agreement with the individual trends in TGM concentra-
tions observed near the major urban areas of Toronto (Point Petre) and Montreal
(St. Anicet) for nearly the same time period. We conclude that this agreement indi-
cates that the changes at these stations are most likely driven by local or regional
changes in mercury emissions.

In general, the concentration of mercury in precipitation is decreasing at many
MDN sites used for comparison in this paper, just as is the TGM at most CAMNet
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sites. However, some significant differences do exist, particularly at Kejimkujik. At the
Canadian MDN sites, the seasonality of Hg concentration in precipitation exhibits an
opposite pattern to TGM air concentrations with higher concentrations during the
summer months. Two possible factors have been suggested for this seasonal behaviour:
increased particle scavenging capacity of rain relative to snow and/or an increase in
the oxidation of Hg’, either in cloud or in the gas phase, during the summer.

Generally, the levels of Hg in precipitation at rural sites in Canada are less than
30 ng L', similar to levels observed at border sites in the United States. The lowest
median Hg concentrations at the CAMNet sites were found at Cormak (spring,
summer, fall and winter concentrations at 4.6, 6.8, 3.0 and 2.9 ng L', respectively)
and Mingan (summer and winter at 6.6 and 2.9 ng L', respectively). Median Hg
concentrations in precipitation were higher in the west than in the east in all four
seasons. However, sites with the highest observed concentrations do not necessarily
have the highest Hg deposition per unit surface area. The deposition is dependent
on the precipitation amount as well as on the concentration of Hg in the precipita-
tion. The highest median weekly Hg deposition measured at the Canadian sites on
a seasonal basis was at Kejimkujik Park in spring, fall and winter (deposition of
0.120, 0.106 and 0.088 pg m? week’!, respectively), and at St. Anicet in summer
(0.166 pg m? week!). The lowest median weekly deposition was found at Bratt’s
Lake in the summer and fall (0.083 and 0.036 pg m? week, respectively) and at
Egbert in winter (0.027 ug m? week™!). For the years 2000 to 2003, the annual wet
deposition of mercury at the Canadian sites ranges from 1.9 to 7.9 pg m? yr' with
the lowest deposition seen at Bratt’s Lake and the highest at St. Anicet.

Temporal trends have been developed with the Digital Filtration (DF) technique of
Nakazawa for Hg in precipitation at St. Andrews, St. Anicet, Mingan and Kejimkujik
Park, each of which have more than 5 years of data. F-tests performed on trends
derived by DF have indicated that all correlations are statistically significant with
confidence limits of at least 95%. First order half-lives of decline (t,,) were estimated
by dividing —In 2 with the linearly regressed slope of the trend line (Table 9.5).

The half-life is the time required for the concentration or deposition to decline to
half its original value and is estimated by assuming first order decline in concentra-
tion and deposition. No significant trends were found for the site of Mingan. From
Table 9.5, it can be seen that for the three sites, it will require 14 to 22 years for the
concentration of Hg in precipitation to decline to half its current value. However, it
will only take ~10 to 13 years for the deposition amount to drop to half. This occurs
because the annual precipitation rate has generally decreased between 1996 and
2003 at these locations. For all 3 sites, the r? for Hg concentration and deposition are
approximately 0.4 and 0.5, respectively, with p-values less than 0.01.

Since Canadian measurements began in 1995, mercury levels in the air have
shown only a slight decline throughout most of Canada. The greatest decline of
airborne mercury in Canada occurred close to the major urban areas of Toronto and
Montreal, where levels fell by about -10% between 1996 and 2005. The largest
decreases in TGM were seen at Point Petre, on the north shore of Lake Ontario,
near Toronto, where levels declined by -17% and at St. Anicet, near Montréal,
where levels fell by -13%. This is in good agreement with the overall trend in total
mercury concentrations in precipitation observed within the comparable NADP-MDN
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Table 9.4 Summary of the trend statistics of total mercury concentrations in precipitation within
the MDN network compared with the TGM changes within CAMNet

MDN  Total Annual CAMNet site  Total Annual
Site Change(%) Change(%) Years (TGM) Change(%) Change(%) Years
NB02 -134 -1.9 7 — St. Andrews -1.4 -0.83 9
NSOl -17.7 -2.0 9 —  Kejimkujik 33 0.37 9
ONO7 n.s. 5 — Egbert 2.2 -0.04 9
PA30 nus.
MEO02 -14.7 -1.8 8 —  St. Anicet -13.1 -1.46 9
ME9% -13.9 -1.7 8
PQO4  -12.1 -1.5 8
MEQ09 n.s.
ME98 n.s.
NY20 -14.7 -2.5 6 Point Petre -16.6 -1.81 9.5
PA90 -123 -1.4 9
ONO7 n.s.
PA30 nus.
ONO7 n.s. 5 — BurntIsland  -5.1 -0.67 8
upwind n.s.
WAI18 -9.7 -1.1 9 — Reifel Island  -10 -2.03 6

n.c. Fort

Chipewyan
n.c. Bratt’s Lake
n.c. Esther

notes: n.s. = not significant; n.c. = no comparison possible

Table 9.5 Half lives for decrease in Hg concentration and deposition in

precipitation
tY2 (years)
Hg concentration in  Hg deposition due to
Sites precipitation precipitation
St. Anicet (98-03) 15 9.9
St. Andrews (96-03) 14 7.0
Kejimkujik Park (96-03) 22 13

sites, indicating that these changes are most likely driven by local or regional
changes in mercury emissions.

At other sites in rural eastern Canada decreases in TGM concentration up to -7%
were seen, with one site, at Kejimkujik National Park in Nova Scotia, recording an
increase of 3%. The data record for western Canada is shorter than others and, at
times, incomplete. Therefore, a trend with time could not be determined with the
same statistical significance as for the other locations. Most sites show higher TGM
concentrations in winter and spring, and lower concentrations in summer and fall.
It is suggested that the meteorological seasonal variability is the most important
factor in the establishment of the observed seasonal cycles of the TGM concentrations.
This is consistent with the latest modeling results. Nevertheless further investigations
on photochemistry and correlation with meteorological parameters could provide
further evidence.
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9.2.1.5 Mercury Speciation Analysis

More recently, some sites within CAMNet have been measuring atmospheric Hg-species
concentrations in addition to TGM. Reactive gaseous mercury (RGM) includes
inorganic Hg compounds such as HgCl,, HgBr,, HgCIBr and Hg". Current measure-
ments in ambient air cannot distinguish one of these RGM species from another.
Concentrations of organic forms of Hg, such as methylmercury or dimethylmercury,
are very low in the atmosphere and are not measured in the gas phase, though some
measurements have been made in precipitation. In Atlantic Canada, levels of meth-
ylmercury have been found to represent 1 to 2% of total Hg in precipitation (Tordon
Unpub. Data 2005). Total gaseous mercury (TGM) is the Hg that is detected in particle-
free air which has not been deliberately scrubbed of RGM. In most cases, RGM is
lost by adsorption to the walls of the inlet system used for the measurement, but
some RGM may be detected along with the Hg? and this total detected is the TGM.

The current method used consists of a denuder to collect RGM followed by a filter
to collect the PM. An impactor which removes particles of aerodynamic diameter
greater than 2.5 um is used at the inlet of the denuder to remove particles in the size
range which can be collected by the denuder. Keeler et al. (1995) have shown that the
majority of PM is attached to fine particles. A detailed description of this technique
is given in Landis et al. (2002). Briefly, a known volume of ambient air is drawn at a
set flow rate of 10 L min™' through the following series of collectors: an impactor inlet
which removes particles >2.5 um aerodynamic diameter, a KCl-coated annular
denuder of quartz which collects RGM, and a quartz filter housed in a quartz tube
which collects p-Hg of aerodynamic diameter <2.5 um. The typical sample integra-
tion period is 2 hours. Analysis for Hg content is carried out by first releasing the Hg
species from the collection medium (quartz filter or KCl coating of the denuder) with
the medium still contained in the filter housing or denuder. The filter and denuder are
heated at separate times (filter before denuder for an automatic integrated system)
with a stream of Hg-free air flowing across the collection surface. The filter is heated to
800°C to release the Hg species that are on the filter and to decompose them to Hg?; the
denuder is heated to 500°C, releasing the Hg species from the KCI. The Hg" released
by this process is collected and analyzed by the method described for Hg® above.
The fully automated system is produced by Tekran™, Inc. (Model 1130/1135), which
in addition to the process above, heats the particle filter to 800°C during the analysis
for PM and RGM for complete decomposition of any Hg species eluted from the filter
or denuder. There has been one intercomparison study to verify measurement
techniques for RGM and PM. Preliminary results indicate significant variability and
point to the need for more research (Aspmo et al., 2005).

Continuous measurements of RGM and PM have been made in Quebec, Nova
Scotia and Ontario. Poissant et al. (2005) reported values of RGM: 3 + 11 pg m™ and
PM: 26 + 54 pg m? at St-Anicet. These values are similar to those found at Point
Petre RGM: 5 + 5 pg m* and PM: 6 + 7 pg m™ and at Sterling on the south shore of
Lake Ontario, RGM: 6 = 11 pg m* (Han, Holsen et al., 2004). Even though RGM
and PM constitute a relatively small portion of total Hg in air (0.2 to 1.4%), an
evaluation of their role in the atmosphere is essential to understanding the cycle of
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Hg. Poissant et al. (2005) reported diurnal and seasonal cycles for both RGM and
PM. Additional continuous measurements of RGM and PM are needed to fully
assess the seasonality of these species. It should be noted that the values reported for
RGM and PM are very often near the detection limit of the measurement method.

Cloud droplets scavenge particles from the air in the nucleation process, and
cloud droplets and rain scavenge soluble gases such as RGM. Cloud water concen-
trations of total Hg were determined in a limited number of samples collected during
the summer of 1995 in eastern Canada (Banic et al., 2003).

At the observed cloud liquid water contents in the clouds studied, the median
value for the amount of Hg scavenged from the air by the cloud water was 0.02 ng m™.
In south-eastern Canada, concentrations of RGM and p-Hg are near 5 pg m? and
10 pg m™, respectively, as given above, suggesting that much of the Hg seen in
cloud water can be explained by in-cloud scavenging of these species. Atmospheric
mercury speciation measurements consisting of Hg’?, RGM and PM began in
January of 2006 in Halifax, Nova Scotia Canada (Figures 9.2-9.4). A summary of
the ambient atmospheric mercury species concentrations is given in Table 9.6. The
median concentration for Hg’, RGM and PM were 1.67 ng m™ (0.716 to 46.5 ng
m?), 2.42 pg m? (detection limit (dl) to 140 pg m?), and 1.73 pg m™ (dl to 30.8 pg
m?), respectively. The median levels of RGM and PM were a small percentage of
the TGM, 0.2% for RGM and 0.1% for PM.

9.2.1.6 Mercury Measurements (incl. air craft) Related
to Emissions, and Source Attribution

In the mid- to late-1990s, measurements of Hg® were made in three locations in
Canada at altitudes up to 7 km (Banic et al., 2003). The data show that, on average,

Hg® shows a relatively constant distribution with altitude. In the summer in south-eastern
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Figure 9.2 Monthly Box-whisker plot trends of Gaseous Elemental
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Figure 9.3 Monthly Box-whisker plot trends of Reactive Gaseous Mercury from 2006 and 2007
at Halifax (Nova Scotia, Canada)
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Figure 9.4 Monthly Box-whisker plot trends of Particulate Mercury from 2006 and 2007 at
Halifax (Nova Scotia, Canada)

Canada, north-westerly winds bring air with a constant mixing ratio of Hg® at
altitudes up to 7 km with a concentration near 1.5 ng m*. In the winter in southern
and central Ontario and in spring over the Beaufort Sea and Arctic Ocean, the mixing
ratio is still approximately constant at altitudes above 1 km but the concentration is
1.7 ng m. Thus, despite differences in the proximity to sources and meteorology,
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Table 9.6 Statistical summary of mercury speciation measurements from
January 2006 to June 2007 in Halifax (Nova Scotia, Canada)

Hg" (3 hr avg.) RGM PM Hg" (5 min.)
(ng m?) (pgm’) _ (pgm?) (ngm?)
Mean 1.79 4.62 2.37 1.77
Median 1.69 2.42 1.73 1.67
SD 0.45 7.61 2.30 0.61
Sample # 2835 2835 2835 106283

the observation that there is little difference in Hg° aloft over these distance and
time scales indicates that there is mixing and uniformity in the Hg® concentrations
aloft over continental scales. This atmospheric Hg aloft can be drawn down to the
Earth’s surface by atmospheric mixing processes even in remote regions of the
world. The long average atmospheric residence time for Hg? is sufficient for this
species to become relatively well mixed throughout the troposphere in the northern
and southern hemispheres. Thus, since most of the Hg in the gas phase is in the
elemental form, TGM concentrations should be of similar magnitude at a wide
variety of background sites. Table 9.7 shows differences in Hg® below 1 km in the
Ontario winter and Arctic spring. The measurements made at altitudes less than 1
km in Ontario demonstrate input of Hg® due to anthropogenic sources and over the
sea ice in the Arctic demonstrate depletion of Hg’.

Summary of Measurement Locations

Table 9.8 presents an overview of the measurement efforts that have occurred in the
contiguous USA since high-precision measurements have been made (since early
1990s). Generally, a mean and standard deviation is presented, or a range of means
from difference subsets of the data.

9.2.2 Measurements of Air Concentrations in the United States

Measurements of airborne species of mercury (Hg) [total gaseous (TGM), elemental
(Hg"), reactive gaseous (RGM), and particulate (PM)], as well as dissolved mercury
in precipitation have been measured in many geographical areas of the USA including
the northeast (New York, Connecticut, Vermont, Maine), north-central (Michigan,
Wisconsin, Ohio, Indiana, Illinois), south-eastern (Georgia, Alabama, Tennessee,
Florida), eastern seaboard (Maryland and the Atlantic Ocean), the mountain west
(Nevada), coastal California, west coast free troposphere (Mt. Bachelor, Oregon),
and west coast marine boundary layer (Cheeka Peak, Washington). These locations
are shown on a map of the contiguous USA in Figure 9.5. Regions of the USA
where there is a lack of published mercury measurements include the middle of the
country from the northern plains south to Texas, most of the west (with the exception
of Nevada), and the Southwest including southern California. In addition to great
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Table 9.7 Elemental mercury for different altitude ranges over Canada. The units are ng
m3, with the cubic metre referenced to 0°C and 1 atm in all cases (from Banic et al., 2003)

<1km 1 -3 km >3 km

Time, Location of

Measurement Mean Median Mean Median Mean Median

Summer 1995 Nova 14 1.3 1.5 14 14 14
Scotia

Summer 1997 Eastern 1.5 1.5 1.5 1.5 1.5 1.5
Ontario

Winter 97-98 Southern 1.7 1.6 1.6 1.6 1.5 1.5
Ontario

Spring 1998 Arctic Ocean 1.2 1.4 1.7 1.7 1.7 1.7

and Beaufort Sea

geographic and climate diversity in the USA, the spatial distribution of mercury
emissions are not uniform; the vast majority of point sources lie in the eastern half
of the country and are dominated by coal-fired power plants, waste incinerators,
and manufacturing facilities. There are some large mercury sources in the West,
dominated by mining and metal processing facilities and a few coal-fired power
plants, but these emitters are spread out across wide regions and nowhere in the
West are there the density of point sources as is found in the East. Thus, the majority
of research to date has taken place at locations in the eastern half of the USA, and
these studies are largely focused on determining the influences of local (< ~50 km)
and regional (< ~500 km) mercury sources on air concentrations of mercury species
and mercury concentration in precipitation and its subsequent depositional loadings
to the environment. Additionally, some research in the West has determined that
mercury emissions from distant locations such as industrial regions in East Asia
and boreal fires in Alaska and Siberia contribute to enhanced air concentrations of
Hg in the western USA, and that in pristine locations at certain times of the year,
this transport may play a dominant role in the overall mercury burden in the
environment.

9.2.2.1 Remote Locations

Because most studies in the USA have focused on the impact of regional or local
emissions on air concentrations and deposition, there have been few measurements
at locations that are truly remote. Figure 9.5 gives an overview on locations in the
United States from which there are published measurements of gaseous and particle
mercury species.

Perhaps the most pristine location in the USA is Cheeka Peak on the Washington
State coast at an elevation of 500 m. At this location when the wind direction is
between 160°-315°, the air can be generally classified as “marine* with no influence
from continental sources at least 7 days prior to arrival to the site (Weiss-Penzias
et al., 2003).
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